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ABSTRACT

The volatile siderophile elements are important tracers of the delivery of volatile elements to
the Earth. Their concentrations in the bulk silicate Earth are a function of the relative timing of
their accretion and their sequestration into the core: a comprehensive understanding of their
metal-silicate partitioning behaviour is therefore required in order to infer the volatile element
accretion history. We present new partitioning data between liquid metal and liquid silicate at
11 GPa for a suite of volatile siderophile elements: Ag, As, Au, Cu, Ge, P, Pb, Sh, Sn. We focus
particularly on determining their valence states and the effects of Si on partitioning, which are
required in order to extrapolate from experimental conditions to core-formation conditions. It

was found that all elements have weak to strong positive interaction parameters with Si. At low
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fO2, redox equilibria dictate that the siderophile elements should become more siderophile.
However, at low fO,, Si also partitions more strongly into the metal. Given the repulsive nature
of the interaction between Si and the elements of interest, the increased Si concentration at low
fO2 will counteract the expected increase in the partition coefficient, making these elements less
siderophile than expected at very reducing conditions. This causes the linear relationship
between fO> and log(D) to become non-linear at low fO2, which we account for by fitting an
interaction parameter between Si and the elements of interest. This has implications for the
interpretation of experimental results, because the valence cannot be determined from the slope
of log(D) vs. logfO2 if low fO2, high Si metal compositions are employed without applying an
activity correction. This also has implications for the extrapolation of experimental partitioning
data to core-formation conditions: reducing conditions in the early stages of core formation do
not necessarily result in complete or even strong depletion of siderophile elements when Si is

present as a light element in the core-forming metal phase.
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1 INTRODUCTION

The Earth is generally considered to have accreted initially from highly reduced material with
more oxidized compositions being added later towards the end of accretion (e.g. Wanke, 1981;
O’Neill, 1991; Wade and Wood, 2005; Schonbachler et al., 2010; Rubie et al., 2011, 2015).
This variation in the composition of accreting material means that the oxygen fugacity under
which metal and silicate equilibrated during episodes of core formation varied with time. Thus,
in core formation models that are based on multistage or continuous core formation scenarios,
oxygen fugacity generally increases with time, in addition to increases in the pressures and
temperatures of equilibration between metal and silicate liquids (e.g. Wade and Wood, 2005;

Rubie et al., 2011, 2015). Highly reducing conditions are required during the early stages of



accretion in order to satisfy, in particular, the depletion of Earth’s mantle in the elements Si, Cr
and V relative to chondritic concentrations (Rubie et al., 2011).

During the early, reduced stages of core formation, Si enters the metallic core-forming
liquid as is expected according to redox equilibria. In the later stages, the high T conditions of
equilibration mean that Si continues to enter the core-forming metal even when conditions are
more oxidising (e.g. Tsuno et al., 2013). As a result, the core is expected to contain a significant
concentration of Si, explaining at least some fraction of its density deficit (Allegre et al., 1995;
Gessmann et al., 2001; McDonough, 2003; Wood et al., 2006; Ricolleau et al., 2011; Rubie et
al., 2011, 2015: estimates cover a wide range of 1-11 wt%, with 7 wt% being consistent with
chondritic ratios).

The partitioning of trace siderophile elements into the core is usually investigated
experimentally and extrapolated to core-formation conditions. However, it is well known that
the presence of certain solutes in liquid iron can affect the stability of others (Wagner, 1952),
and that interactions in the metal will change partitioning behaviour (e.g. Wade and Wood,
2005). Tuff et al. (2011) have shown that Si dissolved in the metal can significantly affect the
partitioning of some siderophile elements (Ni, Co, Mo, W, V) by making them less siderophile.
Similarly, Righter et al. (2017a) identified strong positive (i.e. repulsive) interactions between
Si and the volatile siderophile elements As, Sh, Ge and In, which were stronger for some
elements than others. Redox equilibria dictate that cations in silicate melts should be more
siderophile at more reduced conditions. In light of these findings, one would expect this
increased siderophility of many elements to be counteracted, at least to some extent, by the Si
content of core-forming liquid Fe alloy. As most experiments are performed at lower pressures
and/or more oxidising conditions than those of Earth’s core-formation, the Si content of the
core may not always match that of experiments. The effect of Si on partitioning therefore needs
to be described quantitatively using interaction parameters in order to extrapolate experimental

results to the conditions of core formation.



The volatile siderophile elements are particularly interesting, as they can constrain the
origin and timing of volatile element additions to the Earth: volatile-rich material originating at
large heliocentric distances from the Sun could carry water, carbon, sulfur etc. as well as other
volatile siderophile elements. The bulk silicate Earth (BSE) is depleted in volatile siderophile
elements relative to CIl chondrite abundances (Witt-Eickschen et al., 2009). Their
concentrations would have been lowered by partitioning into the core (e.g. Wood et al., 2006)
and possibly by impact-driven volatilisation (e.g. Witt-Eickschen et al., 2009, Norris and Wood,
2017), but raised by any late additions of volatile-rich material after core formation was
complete (e.g. Albaréde, 2009). To correctly interpret the BSE volatile element concentrations,
and to assess the relative contributions of these two processes, a comprehensive understanding
of the metal-silicate partitioning behaviour of these elements is required.

The metal-silicate partitioning systematics of various volatile siderophile elements
have been the focus of several recent studies (e.g. Ballhaus et al., 2017; Righter et al., 2017a,
b; Steenstra et al., 2017a), with the goal of understanding the systematics of their metal-silicate
partitioning behaviour as a function of one or more of pressure, temperature, fO, and metal
composition. For example, As, Bi, Cd, Ge, In, Sb and Sn were all shown to partition less
strongly into metal with increasing temperature by Righter et al. (20173, b). Metallic S has also
been shown to affect partitioning behaviour of Sn and Pb (Ballhaus et al., 2017), and Sh
(Steenstra et al., 2017a). The presence of metallic S makes some volatile elements more
siderophile, and others less, which is in contrast to the effects of metallic Si identified in
previous studies, which appears to always reduce the siderophile tendency of the volatile
elements studied. Given that metal-silicate partitioning of volatile siderophile elements involves
redox reactions, the fO, control is set by the valence state of the cation in the silicate melt.

In order to interpret metal-silicate partitioning results and to apply them to core
formation, it is essential to know the valence of each element when dissolved in silicate liquid.

The typical method for determining valence is to perform partitioning experiments over a range
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of oxygen fugacities at constant P-T conditions. The valence is then determined from the slope
of a plot of log D vs oxygen fugacity (logfO2) where D is the metal-silicate partition coefficient
(e.g. Gessmann et al., 1999). In addition, XANES determinations of valence states have been
made for some refractory siderophile elements (e.g. O’Neill et al., 2008), but not of volatile
elements. The cationic valence states of some volatile elements remain unknown or poorly
constrained. Importantly, Righter et al. (2017a) observed that the silicate cationic valence states
of their studied set of volatile elements (Sb, As, Ge and 1) at low fO2 are non-linearly related to
the measured partition coefficient, due to effects originating from interaction with metallic Si.

In this study, we have determined the liquid metal — liquid silicate partitioning of the
volatile siderophile elements Sn, Pb, Ag, Cu, Ge, P, Sh, As and Au at 11 GPa and 2600 (+100)
K by performing high pressure experiments in a multianvil apparatus over a wide range of
oxygen fugacities (AIW-2.4 to -5.4). We have quantified valence states and the influence of Si
on volatile siderophile element partitioning simultaneously. Interactions between Si and the
elements of interest are fitted with interaction coefficients £/ that describe the influence of
element k dissolved in Fe metal on the activity of element i (Ma, 2001). We show that if the

effect of Si on the activity coefficients is ignored, derived valences can be seriously in error.

2 DEFINITIONS
All models of core formation that rely on geochemical constraints are based on experimentally-
determined metal-silicate partition coefficients. For element M, the molar metal-silicate

partition coefficient is defined as:
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where the X3¢t and Xf,}{)n ,, terms are the respective mole fractions of element M and its oxide

MOz in coexisting metal and silicate liquids, respectively. In addition to being dependent on
P and T, Dwm is dependent on oxygen fugacity as shown by the equilibrium:
MOz = M+ 20
silicate metal
)
where n is the valence of element M in the silicate liquid. This equilibrium shows that increasing

oxygen fugacity results in decreasing Dwm. By including Fe and FeO:

MO, + 2 Fe= M+ L FeO
2 2

silicate metal metal silicate

©)
The equilibrium constant (K) of this reaction can be written as:
met met
M Y™ n
log K = log [Xsil + log | —; + ZAIW
MOy/2 YMo,,,
(4)

where Xy and Xf,}gn , fepresents the mole fractions of M and MOp2 in the metal (met) and

silicate (sil) respectively, and y3it and yf;}lon ,, represent the activity coefficients of these

components. Because oxygen fugacity is related to the Fe redox equilibrium between metal
and silicate, the Fe and FeO terms in eg. 4 have been replaced by the oxygen fugacity,

referenced to the iron-wustite buffer:

sil sil

sil
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(5)
Finally, the exchange coefficient, Kp, can be formulated as:
KD - X]\S/[i%)n/Z(Xl?éet)n/z



(6)
Kp is thus independent of fO2 but its determination requires knowledge of the valence n. The
equilibrium constant K of Eq. 4 is related to D, Kp and fO2 by the inclusion of activity terms.
Provided these activity coefficients are constant over the range of compositions studied

experimentally, the partition coefficient is related to fO> by:

. n
log Detstl = — ZAIW + constant

(7)
According to Eq. 7, the valence n can therefore be determined from the slope of log(Dinet=sil)

plotted against AIW.

3 METHODS
3.1 Experiments

Partitioning experiments were performed at 11 GPa and 2600 (x100) K in a multianvil
apparatus. Starting materials consisted of different combinations of metal and peridotite-
composition powders. The metal phase consisted of either Fe, Fe + FeO, Feq1Sig, or FegsSii7
(wt. proportions) to which the elements of interest were added either as pure elements or oxides
in quantities between 0.5 and 3 wt% (Table S1, supplementary information). The trace elements
were added in groups (1: Cu, Ge, Sh, Sn; 2: As, Au, P; 3: Pb; 4: Ag) such that no more than
four trace metals were investigated in any given run. The components of the metal phases were
mixed, ground under ethanol and subsequently dried.

The peridotite silicate starting material consisted of 48.3 wt. % SiO2, 39.1 wt.% MgO,
4.8 wt.% Al;03, 3.9 wt.% CaO and 3.8 wt. % FeO, and was based on the primitive mantle
composition of Palme and O"Neill (2003). The FeO content is approximately half the published
value: this was chosen to balance the FeO increase caused by reaction with Fe metal during the

experiments. Prior to its preparation, all oxides were heated at 1000 °C for one hour in order to



remove any adsorbed water, except for CaCOz and Al20Os, which were heated at 120 °C for
three hours. After cooling, the powders were weighed, mixed, ground under ethanol and
subsequently dried. FeO and CaO were added as Fe>Os and CaCOg respectively. Subsequent
reduction and decarbonation at an oxygen fugacity 2 logarithmic units below the FMQ buffer
in a CO-CO> atmosphere at 1000 °C or 1100 °C in a 1 atm gas-mixing furnace ensured that the
desired composition was achieved and that all iron was present as Fe**. This is important
because siderophile elements, and especially the highly siderophile elements like Au, are known
to form nano-nuggets in the silicate melts (e.g. Ertel et al. 2008, Laurenz et al. 2013) that pose
a problem for later LA-ICP-MS analysis of the run products (e.g. Ertel et al., 2008; Laurenz et
al., 2013). Such nuggets exsolve if fO, is higher at the start of an experiment compared to
equilibrium conditions (e.g. Ertel et al. 2008; Bennett et al. 2014; Médard et al. 2015) because
metal solubility in silicate melts decreases with decreasing fO». Using a reduced silicate starting
composition successfully minimizes the formation of such nano-nuggets in the silicate liquid
(Médard et al., 2015), because the fO- is already low at the beginning.

All experiments were performed in a multianvil apparatus, either a 5000 tonne Zwick
press or a 1000 tonne Hymag press (indicated by either a “Z” or “H” preceding the identification
numbers of the experiments; calibrations of Frost et al., 2004 and Rubie et al., 1993, were used
respectively). The sample assembly consisted of an 18 mm edge-length Cr.O3-doped MgO
octahedron that was compressed by eight WC cubes with 11 mm truncations. A stepped LaCrOs
heater was used to minimize temperature gradients (Rubie, 1999) and temperature was
measured using a type D Wg7Res—W+7sRezs thermocouple. The metal and silicate powders were
loaded into an MgO capsule such that a layer of metal was sandwiched between two layers of
silicate powder (Fig. 1c): this configuration was found to facilitate the formation of a single
large metal sphere when the sample melted. Each experiment contained two polycrystalline
MgO sample capsules (containing different compositions) that were separated by a single

crystal MgO disk (Fig. 1a). Pressures were increased slowly to the desired value over a period



of 200 to 280 minutes. Maximum pressures were maintained for 1 hour and the subsequent
decompression lasted for 850 to 1000 minutes. The samples were heated at a rate of around
100-200 K per minute, with a higher rate above 1773 K. In most cases the samples were held
for 10 minutes at 1773 K in order to allow the sample assembly to stabilize at high temperature.
The peak temperature of 2580-2668 K was maintained for a period of 1 to 3 minutes. The run
time chosen was guided by previous studies at similar P—T conditions that have shown durations
of 120 s to be sufficient to reach equilibrium (e.g. Thibault and Walter, 1995; Corgne et al.
2008; Mann et al., 2009). Temperature was calculated for each experiment from the output
power by using a power-temperature curve that had been fitted to the hottest stable and
successful run (measured by thermocouple) in each of the respective multianvil presses. A
temperature uncertainty of 100 K has been assumed for all experiments based on known
thermal gradients (Rubie, 1999) and the reproducibility of many power-temperature curves
from the same laboratory. The experiments were rapidly quenched by switching off the

electrical power, initially cooling at a rate of ~250 K/s.

3.2 Analytical Techniques

The recovered experimental capsules were mounted in epoxy, ground with SiC paper and
polished with diamond grit down to 0.25 pum. In a successful experiment, a sphere of liquid
metal develops that is surrounded by quenched silicate liquid. After quenching, the latter
exhibits elongated skeletal olivine quench crystals (Fig. 1a). Reaction between the MgO capsule
and silicate liquid leads to the formation of ferropericlase crystals at the capsule wall and
occasionally around the quenched metal sphere (Fig. 1a). Quenched metal was analysed
quantitatively using a JEOL JXA-8200 electron probe micro-analyser (EPMA). The
concentrations of all elements in the silicate were measured using a laser ablation inductively

coupled plasma mass spectrometry (LA-ICP-MS) system consisting of an Elan DRC-e



quadrupole mass spectrometer (Perkin Elmer Instruments, Canada) connected to a GeolasPro

193 nm ArF Excimer Laser System (Coherent Inc., USA).

3.2.1 Electron Probe Micro-analyser

For the EPMA measurements the accelerating voltage and the beam current were set to 15 kV
and 15 nA respectively. The peak counting times were fixed at 20 s for every element on the
peak position and 10 s for all background measurements. The metal phases were analysed in
wavelength-dispersive mode with a defocused electron beam usually with a diameter of 20 pum.
In some cases, for smaller metal spheres, diameters of 5 or 10 um were used. Pure metals were
used as standards for Fe, Cu, Ge, Ag, and Au, whereas MgO, SnO2, PbTe, InAs and apatite
were used for O, Sn, Pb, As and P, respectively. Matrix corrections were performed using the
d(pz)-routine. The number of measurements of the metal phase of each sample ranged from 26
to 63 analyses, depending on the size of the metal spheres (Table S2 supplementary
information). Occasionally, quenching of the samples led to the exsolution of a second metallic
phase rich in heavy elements such as Ag, Au and Pb, identifiable in a backscattered electron
(BSE) image by small bright round blobs contained in the metal matrix (Fig. 1b). Moreover, O
and Si were also found to exsolve in some cases from the metal phase, forming round blobs that
appear dark in BSE images. Both kinds of exsolution were relatively small and uniformly
distributed. Therefore, the use of a broad defocused electron beam together with the
combination of a large number of multiple analyses was found to facilitate the determination of
the bulk composition of the metal phase. An exsolution-free border region occasionally formed
in the metal sphere adjacent to the silicate liquid (similar to that described by O’Neill et al.,
1998 and Gessmann and Rubie, 1998). This was interpreted to have formed due to re-
equilibration between the metal and silicate liquids during quenching. When compositionally
different from the rest of the bulk metal phase, this border region was avoided when analysing

the metal.
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3.2.2 Laser Ablation Inductively Coupled Plasma Mass Spectrometry

When performing LA-ICP-MS analyses of the silicate phases, the sample chamber
was flushed with helium gas at a rate of 0.4 I/min that was complemented by Ar gas and H> gas
with rates of 0.95 I/min and 5 ml/min respectively. The background was measured once before
measuring each set of standards and each set of sample measurements with the measuring times
on background and signal lasting between 10 s and 40 s. A beam diameter of 80 um at a
frequency range between 5 — 7 Hz was used in order to take account of the often coarse-grained
heterogeneous quench structures of the silicate melt (Table S2, supplementary information).
Isotopes recorded were Na, Mg, 2’Al, 2Si, 3P, ¥K, %2Ca, *Cr, >'Fe, ®°Cu, "?Ge, As, *°Zr,
%Mo, 7Ag, 1183n, 1219, 139 4, B4, 1Re, 17Ay, 28Ph. Chromium, La, W and Re were
monitored in order to exclude possible contamination of the samples by the W-Re thermocouple
and the LaCrOs heater. The integrated signal intensities were referenced to the external standard
NIST SRM 610 (Jochum et al.,, 2011) that was measured before and after all other
measurements. The derived element ratios were converted into absolute abundances by
normalizing the oxides SiO2, CaO, FeO, Al03 and MgO to total 100 wt.%; concentrations of
all other trace elements are reported as ppm abundances (Supplementary Table S2). Sometimes
nano-nuggets were visible in the laser spectra as spikes in the signal. These are thought to
represent equilibrium phases at run conditions (e.g. Bennett et al., 2014; Médard et al. 2015),
and were thus excluded for quantification of trace element concentrations (Ertel et al., 2008).

The USGS silicate glass standards BCR-2G and NKT-1G were periodically
measured, with counts converted to abundances using published Al>Oz concentrations as
internal standards (Supplementary Table S3; Jochum et al., 2005, 2011; Hu et al., 2011). Most
absolute concentrations showed < 10 % differences with published quantities in BCR-2G

(except K, Cu, Sn and W, that were < 20 %, and Ge, Ag and As, that were > 20 %).
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Reproducibility between measurements in different analytical sessions was excellent, with the

relative standard deviation of most elements being < 5 %.

4 RESULTS

A summary of experimental conditions and results is listed in Table 1, which also provides
Dp™et=si partition coefficients, as well as experimental fO2 (AIW) values, that were determined
by the metal-silicate partitioning of Fe (Eqg. 5). A complete list of the compositions of the
various phases in the experimental samples is provided in Table S2 (supplementary
information). The experimental results are plotted as a function of Xs;j and fO2 (AIW) in Fig. 2.
A detailed account of the data processing and fitting, oxygen fugacity calculation, and valence
state preferences on an element-by-element basis, are given in the following sections, along
with a discussion of the results.

Literature data were not used in the data fitting (differences in experimental P, T and
compositions may cause offsets with our data), but are also shown in Fig. 2 for context and
comparison. Previously published Dv and fO values are recalculated by us for consistency
using equations 1 and 5. We only show data points for carbon-free experiments, as carbon
interaction in carbon-saturated metal arising from equilibration with graphite capsules can
drastically alter Dm for some elements (e.g. Jana and Walker, 1997a; Chabot et al., 2006; Siebert
et al., 2011). Sulfur can also significantly affect trace element activities (e.g. Jana and Walker,
1997b; Wood et al., 2014; Laurenz et al., 2016), so only experiments with low sulfur contents

in the metal are shown. A detailed discussion for each element is given in section 4.4 below.

4.1 Variations of D with fOz2: the role of Si and valence
The liquid metal — liquid silicate partitioning of an element M with a valence n when dissolved
in the silicate melt is described by an exchange reaction that involves Fe (Eg. 3), meaning that
fO. (related to Dre) and Dw are intrinsically linked. If we begin by assuming ideal mixing and
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neglect the activity terms, then Eq. 6 shows that log(Dwm) should plot as a straight line against
logfO2 with a slope equal to (—n/4). Fig. 2a-i shows Dw for all elements as a function of logfO..
Rather than defining a linear trend, many elements fall on a curve. Dm should be greatest at
lowest fO», but appears suppressed to lower values for many elements.

Low fO> conditions result in high concentrations of Si entering the metal or, stated
alternatively, the existence of high metallic Si contents decreases the experimental fO2. In this
study and others, FeuxSix alloys were used in the experimental starting compositions
specifically to access low fO. conditions. Because Xsi and fO> are correlated (Fig. 3), the change
in activity coefficient of a trace element caused by changing the silicon content will be
convoluted with the effect of valence on partitioning. Fig. 2a-i also shows Kp (the exchange
coefficient) as a function of Xs;j in the metal. For a given assumed fixed valance state, this value
should be constant with varying fO2, because fO; is explicitly accounted for in its formulation
(Eqg. 4). As expected from the non-linear relationship between log(Dm) and fO,, Kp decreases
with increasing Xs;j (decreasing fO.) to some extent for every element. There are three possible
explanations: 1) the valance state has changed (decreased) at low fO.; 2) the assumption that
variations in activity terms are negligible is invalid; 3) changes in the silicate composition are
responsible.

We reject the idea that a drop in valence state is responsible for suppressing D at low
fO2 because it is highly unlikely that every element experiences a change in valence at a similar
fO2, and also many of the elements studied are not known to be heterovalent over the
experimental fO> range (as reviewed in section 4.4). We can also dismiss the idea that changes
in the silicate melt composition are responsible. The same starting silicate was used in all
experiments, and there is no systematic difference between the silicate melt compositions of
different run products except in their FeO content (the other oxides are all a little more

concentrated in low FeO silicates, with no changes in relative proportions), which is a necessary
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consequence of changing fO2 and is already explicitly accounted for in the formulation of Kp
and K.

The alternative and simplest explanation is that changes in the trace element activity
coefficients in the metal are responsible. Mixing in liquid metallic alloys is known to be strongly
non-ideal. Previous studies have shown that interactions with Si in the metal can strongly affect
the propensity for other solutes to enter the metal (Chabot et al., 2010; Tuff et al., 2011; Righter
et al., 2017a). Righter et al. (2017a) specifically show that Si in the metal decreases the
siderophility of three volatile siderophile elements examined in this study: Ge, As and Sh. Our
lowest fO> experiments also contain the highest Xsi metals (Fig. 3): thus, Si has a positive
interaction with the trace element of interest such that one ejects the other, causing a decreasing
siderophility of the trace element.

The magnitude of the effects of Xsi on Dm are quantified by fitting an interaction
parameter, ey, to the data, as described in the following section. Because the valence states of
the volatile siderophile elements are not independently constrained, the competing effects of
valence and silicon interaction on Dy must be jointly considered. Previous studies performed
at fO conditions greater than those where silicon begins to enter the metal (approx. AIW-2.5 at
11 GPa) can provide valuable additional constraints on the valence state, as in these cases the
slope of log(Dwm) plotted against logfO. should reflect the true valence state, as long as the
pressure, temperature, and metal or silicate compositions are not changing significantly within
a series of experiments. In addition, we know from stable electron configurations that not every

possible valence state is equally likely to be stable for cations in the silicate melt.

4.2 Determination of interaction parameters &3 and valence states
At chemical equilibrium, the Gibbs free energy change AG° is related to the
equilibrium constant K by:
AG° = —RTInK
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(8)
Assuming that the ratio of activity coefficients of oxide components in the silicate liquid are
constant over the narrow range of silicate melt compositions in our experiments, the equilibrium
constant K (Eq. 6) of the exchange reaction (Eq. 3) is a function of Fe and trace element mole
fractions in the metal and silicate phases, and activity terms in the metal only. Accepting this
assumption and rearranging equations 1, 5 and 8 leads to:

—-AG°

1 D met—sil _
8 ~ RTIn(10) _

log(yipY) — —log(X o) += IOg(X mety met)

(9)
This allows for the valence state n of an element M, as well as the activity coefficients, to be
determined given a sufficient range of log(D™"*") and Xreo measurements and an activity-
composition model for M and Fe in the metal. The value of yi®* varies over the compositional
range mainly as a function of the metal Si content.
We calculate the activity coefficients of Fe (ypact) and the element of interest M
(yae) in the metal by considering non-ideal interactions, using the e-model as formulated by
Ma (2001), following Wade and Wood (2005). The method is described in the Appendix. This
approach uses interaction parameters £f (Wagner, 1952) to describe the influence of the
concentrations of one or more elements (j,k..) on the activity of a given solute element i. We
have applied this approach to a ternary alloy consisting of Fe, Si and the element of interest M.
The activity coefficients ym and yee are calculated using equations Al and A2. To calculate y57©*
and yet the interaction parameters !, e, and ey are required, as well as the activity
coefficient of element M at infinite dilution (y): €5 is taken from the Steelmaking Data
Sourcebook (J.S.P.S., 1988); e and In(yy) are taken from J.S.P.S. (1988) when known, or are
otherwise set to 0 (ideal mixing); 5! = 8.6, from Tuff et al. (2011); &5 is fitted as an unknown.
The terms 5!, M, y9 and &5 are constant at a given pressure and temperature, and their

temperature dependencies are defined by Eq. A3 and A4.
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Our aim is to determine the valance state and silicon interaction term &5}, which exerts

the main control over yi¢t, of each trace element studied. All experiments were performed at

isobaric (11 GPa) and near-isothermal (2600 + 100 K) conditions with near-identical silicate

compositions, so AG° for a given reaction should be constant for all experiments: if they are

not, the activity terms cannot be correct. We can exploit this fact to fit the only unknown

variable in the activity corrections, ey, with a value that forces the calculated AG®° of all

experiments to equal that of a Si-free reference experiment. Our approach for each element is

as follows:

1) We first determine AG®° for a reference experiment of each trace element with a

2)

3)

nominally Si-free metal (i.e. a nominally binary alloy, where there is zero effect from
Si interaction — usually the most oxidised experiment). This was done by solving Eqg.
8 for the experiment with the lowest Xs; (Xsi usually < 0.002) for a chosen valence. All
activity terms needed for this calculation are known.

For the remaining experiments, we began with an initial guess for &3, and used this to
calculate ye* and yyr¢t. With these activity coefficients, we calculated a predicted Dy
using Eqg. 9, and defined the difference (mismatch) between the predicted and actual
measured Dwm as the root mean square (RMS) uncertainty. We then found an optimum
value for &y that minimised the RMS: this is referred to as our fitted value. The
remaining RMS uncertainty after fitting each trace element is shown in Fig. 4.

Steps 1 and 2 are repeated for a range of different assumed valence states n: we consider
that the valence state resulting in the lowest residual error after fitting &3 is most likely
to be correct. The remaining residual error at the most likely valence state is likely due
to small but unquantified changes in activity coefficients in the silicate melt resulting
from changes in the silicate FeO content, as well as experimental and analytical

uncertainties.
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If unknown and thus set to zero, the values of e and In(yy;) become part of the calculated AG®,
which we continue to refer to as AG® for simplicity. Table 2 summarises the values used from
J.S.P.S (1988) and the fitted results: AG®, RMS uncertainties and &5 (referenced to 1873 K) for
our preferred valence state. Uncertainties on ey were found by determining the difference in
ey required to raise or lower the mean log(D) by 1o (approximated by RMS) for a given
valence. The best fit &5} varies linearly with n. We therefore also provide equations in Table 2
expressing ey as a linear function of n, should an interested reader want to use our interaction

parameters but disagree with our assessment of the valence state.

4.3 Calculation of oxygen fugacity
The oxygen fugacity of a given experiment relative to the iron-wistite buffer (AIW) is
calculated from Fe redox equilibrium between silicate melt and metal according to Eqg. 5,
assuming that the activity of FeO in the silicate is equal to its mole fraction, and calculating the
activity of Fe in the metallic liquid using the epsilon model (Ma, 2001; see appendix 1) and our

newly-determined &3 values (note that calculated fO, is not used in fitting the &3 terms).

Although the activity coefficient of FeO in a silicate liquid (y$l,) is unlikely to be 1, this
approximation has been widely used in previous studies (e.g. Asahara et al., 2004; Ballhaus et
al., 2013; Fischer et al., 2015). We chose this approach rather than constraining FeO activity
from the composition of ferropericlase, because although ferropericlase is present in all
experiments, the composition of this phase in a given sample is highly variable (the typical
relative standard deviation of FeO concentrations is around 30 %). Quenched diffusion rims
and disequilibrium capsule grains may be responsible and make the identification of the
equilibrium composition of ferropericlase difficult to determine. In addition, calculating fO>
using the silicate melt composition allows direct comparison with literature data. The calculated

fO, ranges from AIW-5.4 to -2.4 (Table 1). If y£l, is instead taken to be 1.7, as found by
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Holzheid et al. (1997), calculated AIW values would systematically increase by around 0.5,

which would not affect our conclusions.

4.4 Results for individual elements

4.4.1 Copper

Log(Dcu) at a given fO. from our study is consistent with results of previous experimental
studies performed using MgO capsules (Fig. 2; Wood et al., 2008; Righter et al., 2010). This is
despite the published experiments being performed at lower pressures (1 and 2 GPa
respectively) and temperatures (both under 2200 K) than those of this study. Righter et al.
(2010) showed that Dcy is not particularly sensitive to temperature, and the present comparison
also suggests a lack of sensitivity to pressure and silicate melt composition.

Our best fit (lowest RMS) for copper is found when a low valance state is assumed,
with a minimum at n = 1 (Fig. 4). A low valence of 1+ (Cu20) in silicate melts is in agreement
with the findings from Fe-free solubility studies at fO> relevant to core-formation conditions
(Holzheid and Lodders, 2001) and regression of log(Dcy) as a function of fO2 by Righter and
Drake (2000) and Corgne et al. (2008). Wood et al. (2008) also assumed a 1+ valence state
without explicitly testing for it. Taking n = 1, a correspondingly low &3, of 1.5(1.1) is required
to best fit the experimental data to the model AG° calculated from a nominally metallic-Si-free
experiment (Table 2). This means that minimal interaction with Si is required to explain the Cu
partitioning behaviour, and is a little lower than the value for e&l of 3.6 given by the

Steelmaking Data Sourcebook (J.S.P.S., 1988).

4.4.2 Silver

Silver is moderately siderophile, with values of log(Dag) of around 1.5; there are no published
data in C-free systems for comparison with our results. The best fit (lowest RMS) valence state
is 1+, although it is barely distinguishable from 0 (Fig. 4). This is in agreement with the valence
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determined by 1-atm solubility experiments by Capobianco et al. (1994), who interpreted Ag*

to be stable in silicate melts but could not rule out a zero-valence contribution at fO> relevant
to core-formation conditions. A small ef\ig value of 5.0(x1.3) is determined for our preferred

valence state of 1+ (Table 2).

443 Lead

A valence of 2+ (PbO) best fits our partitioning data, with a corresponding &5 = 10.2(+0.9).
This is consistent with previous partitioning studies, which also identified (Malavergne et al.,
2007; Wood and Halliday, 2010), or assumed (Lagos et al., 2008; Wood et al., 2008), a 2+
oxidation state. In contrast, Bouhifd et al. (2013) found a 1+ valence through a multiple linear
regression of a data compilation. However, our study suggests that the lower valence of Bouhifd
et al. (2013) may result from their inclusion of some very low fO., high Xs;i experiments in their
regression, which will depress D and thus affect the valence determination. Fig. 2 shows
literature data along with our new data (only literature data from C-free and low S experiments
are shown, as C and S in metal will reduce the siderophility of Pb; Wood and Halliday, 2010;
Ballhaus et al., 2017). Our results are not expected to show good agreement with the literature
data because of the strong dependence of Dpy 0n temperature (Ballhaus et al., 2013). Despite
this, our new data are in good agreement with published low-sulfur partition coefficients (Wood
et al., 2008; Ballhaus et al., 2013, 2017; Steenstra et al., 2017a), except for the single high Xs;

data point of Bouhifd et al. (2013).

4.4.4 Gold
The 1-atm solubility experiments of Borisov and Palme (1996) indicate that Au is present as
Au20 in silicate melts when the fO> is higher than approximately IW. However, at more

reducing conditions, a dramatic change in solubility was interpreted by the authors to indicate
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that Au has a negative charge, for example being incorporated as AuSiyx, in the melt. Brenan
and McDonough (2009) later agreed with this assessment, as log(Dau) from their metal-silicate
partitioning experiments decreased slightly with decreasing fO,, requiring Au® or AuSix
stability. The partitioning experiments were performed at more oxidising conditions than those
of the present study, so Si in the metal cannot be responsible for lowering Dau. Danielson et al.
(2005) fitted a small positive formal valence (+0.5) to Au partitioning data by multiple
regression of partitioning experiments over an fO, range of AIW -1.2 to -2.5. We find that Dau
has the lowest residual error when fitted with n = 1+ (Fig. 4). Although the literature data are
in disagreement with one another, they all indicate a low valence for gold. Our preferred valance
for gold in silicate melts during core formation is 1+, and on this basis, e3.,= 12.0(5.2). We
cannot rule out that the change in slope of Day at low fO2 is due to a reduction of gold rather
than an activity effect from metallic silicon. However, it seems unlikely that neutral Au atoms
would bond in the silicate melt structure (although Bennett et al. (2014) suggest that Pt° is stable
in silicate solubility experiments), and we would expect partitioning with Au® to have no fO;
dependence rather than the observed positive slope. Literature data only exist for graphite
capsule experiments and so cannot be directly compared with our data, because the high
concentrations of carbon in the metal will substantially alter the siderophility of gold (and many

other siderophile elements) (Chabot et al., 2006).

445 Tin

Our new data can be fitted equally well by assuming a 2+ or 3+ valence, which correspond to
eSl = 12.2(x4.9) and 19.9, respectively (Fig. 4; Table 2), i.e. Si causes a large decrease in the
siderophility of Sn. Our low Xs;, high fO. data are in moderate agreement with published low-
S and nominally metallic Si-free partitioning data (all at 1-2 GPa and 1773-2273 K: Righter et
al., 2010; 2017b; Ballhaus et al., 2013, 2017) in terms of log(D) as function of fO», although
the single data point shown from Righter et al. (2009) lies far from our trend (Fig. 2e).
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Capobianco et al. (1999) performed 1 atm partitioning experiments between solid metal and
liquid silicate, and found Sn to be tetravalent at higher fO2, (> AIW ~ -2), switching to
predominantly divalent Sn at lower fO, (< AIW ~ -2). They also noted that the apparent valence
state determined from partitioning data can be misleading: in their study, changes in trace metal
activity resulted from the changing metal composition (in their case, changing Fe:Ni), and the
true valence state only became apparent after activity corrections had been made, which is
consistent with our findings. Righter and Drake (2000) performed a regression of activity-
corrected log(Dsn) and determine the silicate valence to be Sn**. This high valence may be
expected given the results of Capobianco et al. (1999) and the fact that the experiments of
Righter and Drake (2000) span fO> = AIW -2.5 to +0.8 and the regression returns a single

valence state. Our preferred valence state for Sn is 2+ at AIW < -2.

4.4.6 Germanium

Our data are best fit by a valence of 3+ for Ge, although the difference in RMS between all
valence states is small, meaning that the present data do not rule out other valence states (2+ to
4+; Fig. 4). At the more oxidised conditions relevant for magmatism at the Earth's surface, Ge
is tetravalent in silicate materials and substitutes directly for Si (Bernstein, 1985). At more
reduced 1 atm. conditions (although still oxidising relative to core formation conditions; AIW
-1.3 to +3.5), Capobianco et al. (1999) also found a valence of 4+ after applying large activity
corrections to their data. At reduced conditions that are more relevant to core formation (AIW
+0to -2.5), Schmitt et al. (1989) determine a valance of 2+ from 1-atm partitioning experiments
in the gas-mixing furnace, where fO, was determined precisely using a ZrO, sensor. High
pressure partitioning experiments indicate that Ge is in the reduced form of either Ge?* (Kegler
and Holzheid, 2011; Righter et al., 2011, 2017a) or Ge*" (Siebert et al., 2011) from regression
of log(Dge) as a function of fO, £ other variables: as these experiments are all more oxidised

than AIW-3.3 (most experiments were more oxidizing than AIW-2.5), we can assume that these
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slopes are not significantly affected by the presence of metallic Si. In summary, Ge?" is expected
from the literature at core-formation conditions, and this value is consistent with our findings.
Our preferred silicate species at core-formation conditions is therefore GeO, which requires
moderate interaction with metallic Si (&, = 12.2(£6.3)) to explain the deviation of log(Dge)
and log(Kbp) at low fO. (Fig. 2). The slopes of the literature data are in good agreement with
ours, although there is a small offset in absolute log(D) (Fig. 2), perhaps due to the pressure
and/or temperature differences between the datasets. The experiments of Kegler and Holzheid
(2011) were performed at a temperature almost 1000 K cooler than ours, which, according to
the moderately strong temperature dependence of Siebert et al. (2011), should result in their

log(Dge) values being offset from ours by around +0.8.

4.4.7 Antimony

Log(Dsb) from this study has two solutions: equally good fits exist for 3+ and 4+ (Fig. 4),
corresponding to fairly large interactions with Si described by edi= 22.6(+10.6) and
30.2(x14.1), respectively. Righter et al. (2009) performed solid and liquid metal — liquid silicate
partitioning experiments on Sh, and after applying activity corrections for Ni in the metal,
determine the dominant silicate species to be Sh20s over an fO2 range of around AIW = -1.5to
+2.5. Righter et al. (2017a) also found a 3+ oxidation state for Sb by fitting additional high
pressure, lower fO, partitioning data. However, because they first fitted 5. by assuming Sh*,
then used this to calculate an activity correction before fitting the valence, the valence was not
independently determined. Our preferred valence for antimony in silicate melts during core-
formation is 3+. Our data are compared with the S-poor, MgO-capsule data of Righter et al.
(2009, 2017a, 2017b) and Steenstra et al. (2017a) in Fig. 2; the reasons for discrepancies with
the data of Righter et al. (2009, 2017a) are unclear, although the uncertainty in the determination

of fO> from metal Fe — silicate FeO equilibria at very low fO> (the literature data reach AIW-8)
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is large. Experimental pressure and temperature differences are not obviously responsible, as
Righter et al. (2009) and Steenstra et al. (2017a) use similarly low PT conditions as one another

(<2000 K and < 2.5 GPa) yet their reported Log(Dsp) values vary substantially.

4.4.8 Phosphorus

Phosphorus is almost always considered to have a high valence of 5+ in the literature, and
usually occurs in this state in melts and minerals at low-pressure conditions. Siebert et al. (2011)
determine a 5+ valence from their high pressure partitioning experiments, and because their
experiments contain negligible Si or S in the metal, log(Dpr) is not expected to deviate much
from the trend defined by valence. This therefore seems a good estimate of the true valence of
P in high pressure silicate melts at conditions more reducing than IW. Newsom and Drake
(1983) also found steep slopes of log(Dr) as a function of fO2, at 1 atm and over a similar fO»
range to Siebertetal. (2011) (AIW =-11t0-2), implying a valence of +5 to +6. However, Righter
et al. (2010) found a mean valence of +2.7 from multiple linear regression analysis of 1 GPa
experiments, and Righter and Drake (2000) fitted a valence of +4.2 in a similar manner, both
also over a similar fO2 range of approximately AIW = -1 to -2. Determining valence by multiple
linear regression risks convoluting the valence effect on log(Dp) with that of correlated
parameters, and such a low valence is inconsistent with known P geochemistry, so we consider
the high valance estimates of the other studies to be more reliable. The determination of valence
of any element by multiple linear regression should be approached with caution, particularly
for high valence elements such as W.

In the present study, the best fit (lowest mismatch) valence for P is 2+ (Fig. 4).
However, we do not consider this value to be reliable or realistic. As discussed below, in Fig.
5 the four data points for P partitioning all fall on different valence prediction curves, meaning
that the four experiments do not represent a coherent result. The literature data and electronic

configuration arguments clearly point to P°* in silicate melts, and we accept a value of 5+ rather
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than the lowest uncertainty result. If P°* is assumed, the effect of Si in the metal on partitioning
is very large: 5! = 44.0(x14.7) (compared with a best fit value of 13.8 for P?*), which is
approximately in agreement with Righter et al. (2016), who also determined a large and positive
value (of 5! = 66(x15)). However, there is a large scatter in the literature data, where published
log(Dp) values from different studies are not consistent with one another (Fig. 2). The data of
Siebert et al. (2011) and Steenstra et al. (2017b) are most consistent with the results of this
study. Such broad scatter between experimental results from different studies may reflect the
fact that Dp is particularly sensitive to silicate melt composition (Hillgren et al., 1996; Righter

et al., 2010; Siebert et al., 2011; Steenstra et al., 2017b).

4.4.9 Arsenic

Our values for Log(Das) are consistent with low-S literature data (Fig. 2; literature data P = 0.5
— 18 GPa). The oxidation state of arsenic in reduced silicate melts is poorly constrained, by both
the present data and previous experimental studies. We find the lowest mismatch solution with
As?* and a large interaction with silicon (3. = 24.6). However, the individual data points
overlain onto predictive curves (discussed below) do not indicate a coherent result (Fig. S1,
supplementary information). Siebert et al. (2011) calculated a mean 5.2+ valance based on the
Das vs. fO2 slope (range: AIW approx. -1.5 to -2.5), although there is some scatter in the data.
Righter et al. (2017a) found a best fit with As®*, although their argument is somewhat circular
given that they applied an activity correction using 3% from their own study, which was fitted
assuming a 3+ valence state. With no further evidence available, we choose a valence of 3+,
based on two coherent log(Das) data points (Fig. S1, supplementary information) and the
suggestion of higher valence from the Si-free metal partitioning experiments of Siebert et al.
(2011). As®* requires a strong interaction with Si (g5, = 34.7(26.8)) to match the data, consistent

with the value 5. = 35.9 determined by Righter et al. (2017a) from carbon-free experiments.
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e5L for other oxidation states, such as 5+, can be obtained using the equation provided in Table

2.

5 DISCUSSION
5.1 How reliable is the RMS minimisation method for determining valence state?
In this study, 5 and valence are simultaneously determined by finding the combination with
the lowest RMS difference between predicted and measured log(Dwm) (valence being an integer).
Given how low the RMS uncertainty is for the best fit valence in most cases (Table 2), this
appears to be an effective method. However, the results of this method must be interpreted with
caution. To understand the meaning of the lowest mismatch result, we can plot predictions of
log(Dw) as a function of AIW for different combinations of valence state and &3, and compare
the results with the experimental data (Fig. 5). Each predicted curve is calculated for a particular
valence, using the best fit 3 that was fitted for that specific valence using the equations
provided in Table 2. Higher valence state curves have a steeper curvature at low fOg, as a large
calculated Si interaction effect compensates for the steep negative slope predicted from the
valence. The intercept is calculated from AG®° at 2600 K and Xs;i is calculated from AIW
according to the fit of Fig. 3. Zero valence curves are concave-upwards, as without a redox
reaction occurring, a slightly negative 5 is required to match the negative slope of the data:
given that none of the elements have a zero valence, this situation does not represent reality.
We show three typical examples in Fig. 5; plots for the other elements are shown in
the supplementary data (Fig. S1). In all cases, the Xsi ~ 0 data points do not contribute to the
determination of the best solution, as they must lie on the intersection of the curves. (1) In the
case of Ge (also Cu, Sh, Sn), it is an unfortunate coincidence that the lowest fO,, highest Xs;
point lies near a second intersection, thus contributing little in the discrimination of the best fit

curve to the data. The best fit curve is therefore effectively determined by the single data point
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at around AIW-4. This point has a low uncertainty and gives results consistent with the
literature, but one should be aware that small changes in this single partition coefficient would
change the best fit valence. (2) In the case of Pb (and also Ag, Au), data points have a better
spread across an fO2 range, and so are statistically more useful for constraining the best fit
valence state. They lie between the 1+ and 2+ curves, resulting in 1+ and 2+ valence states
having almost equally low RMS misfits. In this case, the method is more reliable. (3) In the
case of P (and also As), data points fall on different predicted curves that correspond to different
valence states. The partition coefficients may not be known precisely enough for this method
to work, and there is considerable doubt about the lowest RMS solution (in this case 2+), which
evidently represents an average. PO is unlikely to be the stable species because of the electronic
configuration of P, so this method is not always effective. It is likely that these highly-charged
species are very sensitive to silicate melt composition (e.g. O’Neill et al., 2008), so small
variations in the silicate melt could change their activity coefficients and thus their partitioning
behaviour. The compositions of silicate melts in this study are all similar, though not identical,
and the main variation is in the FeO concentration, which changes as a function of fO».
Ideally, a greater number and spread of experimental data points would make this
method more robust. Because this method is not perfect, we chose our preferred valence states

by considering Figs. 3 and 5 together with literature data.

5.2 Interaction with Si: Implication for apparent valence determinations in
partitioning experiments

In metals, our results show that there is a positive interaction between Si and all moderately

volatile elements examined in this study (i.e. all elements become less siderophile to varying

extents when Si content of the metal increases). This has implications for the interpretation of

partitioning studies. Si is often added to the starting material of multianvil experiments in order

to access more reducing conditions (e.g. Gessmann et al., 1999; Mann et al., 2009; Fischer et
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al., 2015), and this is especially the case in recent diamond anvil cell partitioning experiments
(Siebert et al., 2012, 2013; Fischer et al., 2015). In such cases, Si would reduce the partition
coefficient Dwm, perhaps giving the impression of a lower valence state (for example, if a single
valence is fitted using a multiple linear regression), or a change to a lower valence state. For
example, Gessmann et al. (1999) determined a formal valence for Ni (in ferropericlase at 9
GPa) of +1.66 * 0.04: the deviation from the true oxidation state of +2 indicated that activity
corrections in both the metal and oxide phases were required. Capobianco et al. (1999) noted
from solid metal-liquid silicate partitioning experiments that the metallic composition
(specifically the Ni content, which is added to increase fO.) can affect Dga, Dge and Dsn, and
result in the valence being incorrectly assigned; the effect may be stronger in solids, which
typically mix less ideally than liquids.

For large volume press experiments that only access the fO> conditions which are
considered to be realistic for the late stages of core formation (~ AIW -2.0; Frost et al., 2008),
little metallic Si should be present, so there should be no significant deviation in D resulting

from Si interaction.

5.3 Interaction with Si: Implication for the composition of planetary cores
Although piston cylinder and multianvil experiments tend to be performed at fO> conditions
relevant to the segregation of the Earth's core, the lower experimental pressures and
temperatures mean that the resulting metals are often low in Si relative to the concentration in
the Earth’s core. We show that Au, Ag, As, Cu, Sn, Sb, Ge, Cu and P all interact to varying
extents with Si, so the lack of metallic Si in such experiments means that partition coefficients
for these elements may be overestimated relative to higher pressure core-mantle partitioning
behaviour.

It is more important to consider the effect of Si on partitioning at higher P-T

conditions. Diamond anvil cell (DAC) partitioning experiments are usually performed at 30—
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100 GPa and >3000 K. The samples resulting from DAC experiments are typically rather
oxidised, with high oxygen contents in the metal and high FeO contents in the silicate. Despite
this, DAC metals also appear to have high metallic Si contents, i.e. more Si can enter the metal
at very high P—T conditions at a given fO> (Takafuji et al., 2005; Bouhifd et al., 2011; Siebert
et al., 2012; Fischer et al., 2015). On the basis of their identified PT-dependencies of Ds; and
Do, Fischer et al. (2015) calculate that the Earth’s core may contain up to 8.5 wt.% Si based on
a single-stage core formation model.

A high metallic Si fraction in core-forming metal would decrease D for all elements,
causing higher trace element concentrations in the mantle and lower concentrations in the core.
It is therefore important to make activity corrections, for example using the & parameters
presented here, in order to properly interpret and extrapolate lower-pressure partitioning results
to planetary interiors. It is currently not possible to realistically model the moderately volatile
element concentrations of the Earth using a heterogeneous accretion and differentiation model,
because the PT-dependencies of some partition coefficients either completely unknown, or the
pressure and/or temperature dependences are only known at low pressures (e.g. Ballhaus et al.,
2017; Righter et al., 2017a, b; Steenstra et al., 2017a). Additionally, S content will influence
partitioning behaviour (Laurenz et al., 2016; Ballhaus et al., 2017), and perhaps also O. To
illustrate the magnitude of the effect of metallic Si on core-mantle partitioning of the moderately
volatile elements, we instead provide calculations based on single-stage core formation in Fig.
6, based on our experimental conditions of 11 GPa and 2600 K. We stress that single-stage
core-mantle equilibration is unrealistic for the complex early history and evolving fO> of the
growing Earth (e.g. Rubie et al., 2015), and that this calculation is only provided to show a first-
order magnitude of the activity effect for 0%, 5% and 10% metallic Si concentrations in the
core. The fO, was set at AIW-2.3 and the calculation shows the depletion in the BSE from
chondritic based on core formation only, i.e. disregarding any loss due to volatility or

incomplete condensation. These simplifications mean that the results are illustrative of the
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magnitude of the effect of Si being present, but are not accurate in terms of Earth’s
differentiation.

The depletion is the concentration remaining in the BSE after core formation (C) as a
fraction of the initial (C,, e.g. chondritic) concentration, and is calculated using:

C 1

CO B 1- Xcore + DMXcore

(10)
where X, is the mass fraction of the core. Fig. 6 shows that all elements become less depleted
in the BSE due to core formation with more metallic Si present. Activity terms and oxide
valence states are used in the calculation of Dm. The elements with the largest € interaction
parameters (As, P and Sb) are the most sensitive to Si content, and 10 mol % Si can decrease
their relative depletion by around an order of magnitude. The elements with the smallest € are
only slightly affected by Si. Even after accounting for metallic silicon, many volatile elements,
notably As, Ge and Sb, are still depleted by orders of magnitude relative to the known depletion
(if Cy is taken as the CI chondrite composition of Palme and O’Neill, 2003). This residual
difference is presumably due to the effect of volatility, such as partial condensation and/or
volatilisation from impacts and magma ocean stages (e.g. Norris and Wood, 2017), in addition
to the simplistic nature of the calculation (single-stage core formation, without consideration
for the effect of P, T, and other metal and silicate compositional effects on Dw).

In reality, some stages during early core formation may have been as reducing as
AIW-5, resulting in a significant fraction of metallic Si, and later, less reduced stages will be at
P-T conditions that are sufficiently high for Si to continue to enter the core (Rubie et al., 2015).
Considering redox equilibria alone (Eq. 2), the lower the fO. of core formation, the higher the
partition coefficient Dm of all cations in the silicate melt is expected to be. However, this effect
will be counteracted by the increasing core Si concentration, meaning that partitioning will be

less sensitive to fO, than anticipated. This is especially true for the highly charged volatile
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cations of this study (As®*, Sb*", P>*) and also some highly charged refractory cations (Mo**
and W®"; Tuff et al. 2011), where a steep slope of Dy as a function of fO2 is expected, yet the
increased siderophility with decreasing fO> is counteracted by the largest interaction parameters
with Si (Table 2 and Tuff et al., 2011). There is a correlation between the size of the £
interaction parameter and the valence state of a cation in the silicate melt, where the neutral
forms of highly charged silicate cations interact more strongly with metallic Si in the metal.
Since the interaction of Si with the elements studied counteracts the effect of low fO> which
normally results in increased siderophile behaviour, reducing conditions in the early stages of
core formation do not necessarily result in complete or even strong depletion of siderophile
elements when Si is present as a light element in the metal phase. This is an important
consideration, given that Si is likely a major contributor to the Earth's core density deficit
(Allégre et al., 1995; Gessmann et al., 2001; McDonough, 2003; Ricolleau et al., 2011; Rubie

etal.,, 2011, 2015).

6 SUMMARY AND CONCLUSIONS

Based on liquid metal — liquid silicate partitioning experiments addressing a range of
volatile siderophile elements (Cu, Ag, Au, Pb, Sn, Ge, Sb, P and As) at 11 GPa and around
2600 K, we show that metal-silicate partition coefficients are always lower than predicted from
redox equilibria at AIW < -3. We attribute this to the effect of an increased content of Si in the
metal: Si increases the activity coefficient of the trace element in question and reduces its
siderophility. The slope of Dwm as a function of fO> is generally used to determine the valence
of the oxide species in the silicate melt. Because Si partitions into the metal at low fO-, the slope
of increasing log(Dwm) with decreasing fO2 will become shallower or even reversed, giving a
false impression of a decrease in valence state. Therefore, our study joins that of Capobianco et
al. (1999) in recommending that appropriate activity corrections are made to experimental

partition coefficients before the attempting to interpret the valence state of the cation of interest
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in silicate melts. At low fO,, the correct valence and reaction coefficient can only be determined
after appropriate activity corrections for Si have been applied; likewise, corrections need to be
applied for Ni interaction in Ni-bearing experiments (Capobianco et al., 1999; Righter and
Drake, 2000) and potentially for O or S interaction if they are present in the metal.

For a number of elements examined in this study, the valences of the oxide species in
silicate melts have previously been uncertain (e.g. As, Ge, Sn, Au). It is difficult to determine
valences for these elements directly from our new data because of the effects of Si on
partitioning behaviour. We instead propose a new method to simultaneously solve valence and
the Si interaction. Our preferred valences are: Cu, Ag, Au: 1+; Sn, Ge, Pb: 2+; As, Sh: 3+; P:
5+. It was generally found that the elements with the highest valence oxide species also have
the highest positive interaction with Si (P and As have the highest £;/: Ag and Cu the lowest).
This means that their partition coefficients will be the lowest relative to values that are predicted
without taking account of the effects of interactions with Si in the metal.

The Earth's core equilibrated at pressures and temperatures much greater than those
reached during typical experimental partitioning studies. At such conditions, liquid metal could
contain appreciable Si, even under relatively oxidising conditions. This means that the effect of
metallic Si on partitioning must be considered when extrapolating experimental partitioning
results to core-formation conditions. For each element studied, interaction with Si will
counteract the effect of the low fO, of core segregation, which normally results in increased
siderophile behaviour. These results therefore predict that reducing conditions in the early
stages of core formation do not necessarily result in complete or even strong depletion of

siderophile elements when Si is present as a light element in core-forming liquid metal.
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9 APPENDIX

The epsilon activity model of Ma (2001)

The following set of equations are originally from Ma (2001) and were used in this study to
calculate activity coefficients in a multi-component liquid alloy, where interactions may be
strongly non-ideal. When N solutes (i,j,k..) are present in a predominantly Fe liquid, the activity
coefficient of Fe in the metal (YY) is calculated using:

N

In et — Z et(x; +In(1 — z))
=2
N
In(1 — In(1 —
Ty g;w_,,fk(u 20—, o)
§=2 k=j+1 Tk

=2 k=2 ki k (A1)

The activity coefficient of a given solute (y;1¢*) can then be calculated:
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Index i=1 refers to Fe, and x; refers to the mole fraction of component i. To use these equations,
epsilon interaction parameters e}‘ (Wagner, 1952) and activity coefficients at infinite dilution

(v?) of the solute are required. These have a temperature dependence defined in J.S.P.S. (1988)

as.
. Trer j
gij (Texp) = Tex; gij (Tref) (A3)
Tre
ln(yl?/[ (Texp)) = Tex; ln(yl?/[ (Tref)) (A4)

The required value is that at the experimental temperature, Texp. e}‘ and y? are usually
determined and reported at a reference temperature, Trer, which is generally 1873 K in J.S.P.S
(1988). In this study, our new reported values of ;' are also reported at 1873 K for consistency,

where they have been converted from the experimental temperature using equation A3.

10 FIGURES
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silicate melt (with
quench crystals)

MgO capsule

MgO
capsule

Fig. 1. Backscattered electron images of a) sample H3444a (top) and H3444b (bottom) that
were run simultaneously in a double capsule, showing dendritic olivine quench crystals in the
quenched silicate phase; b) the metal phase of sample H3444a showing a typical exsolution
texture; c¢) unsuccessful experiment H3496, which failed to melt. This illustrates the starting

setup, where a layer of metal powder was sandwiched between two layers of silicate powder.
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Fig. 2. Log(D) and log(D, activity-corrected) as a function of AIW (left) and log(Kp) and log(K)
as a function of Xsi in the metal (right) of our experiments. Filled symbols represent molar ratios
(i.e. Kp and D); open symbols represent activity-corrected molar ratios (i.e. K and Dactivity-
corrected). Dashed lines are log(Kp) and log(D) as predicted from the lowest Si experiment and

the stated valence; solid lines are log(K) and log(Dactivity-corrected) predicted from the lowest Si
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experiments (the calculation is explained in section 4.3). Literature D values are given in blue
for comparison: where necessary, these have been converted to mole fraction ratios. References

and PT ranges of published data:

Code  Reference P (GPa)* T (K)*
B13 Ballhaus et al. (2013) 1-5 1823-2327
B17 Ballhaus et al. (2017) 1 1773
Bol3  Bouhifd et al. (2013) 8 2373

K11l Kegler and Holzheid (2011) 0.5 1623

RO9 Righter et al. (2009) 1.5 1873-1973
R10 Righter et al. (2010) 1 1773-2073
R11 Righter et al. (2011) 1 1773-2173
R17a  Righter et al. (2017a) 1 1873
R17b  Righter et al. (2017b) 1-2 2173

S11 Siebert et al. (2011) 0.5-18 2123-2173
Stl7a  Steenstraet al. (2017a) 1-2.5 1783-1883
Stl7b  Steenstra et al. (2017b) 1.5 1783-1883
W08  Wood et al. (2008) 2 2023

*range of data shown in this figure

0.2
>2’_’ .
0.1
0.0
I I 1 | I |
-5.0 -4.0 -3.0
AIW

Fig. 3. Xsi as a function of AIW in our experiments, showing that they are negatively correlated.
The red curve is a polynomial which has been fitted in order to convert AIW to Xs; for the

calculation of curves in Fig. 5. Above AIW -2.55, Xs; is assigned to be 0.
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B ~ Pb
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Sn

0.0+, ! . .

0 2 4 6

Fig. 4. Root mean square (RMS) misfit as a function of valence (n) for every element. RMS is
a measure of the residual error between predicted and actual log(Dwm) values after 3 has been
fitted from the data, and the lowest value should indicate the best-fit valence. This figure is

presented as two plots for clarity.
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log(fO,), AW

Fig. 5. log(Dw) as a function of AIW for a) Ge, b) Pb and c) P in our experiments, overlain onto
predicted curves (similar plots for the remaining elements are given in the supplementary
information, Fig. S1). Each curve is calculated for a different valence state n, indicated by the
numbers on the left- or right-hand side of the graphs. The curves are predicted from Xs;, n, and
the best-fit e for that particular valence state. Xsi is calculated from AIW according to the
polynomial curve of Fig. 3, where Xsi = 0 above the fO, threshold shown by the vertical dashed

line. AG® for each curve is calculated at 2600 K from the lowest Xsi experiment, meaning that
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all curves must intersect (or nearly intersect) at the highest AIW point by definition. The solid
black lines show the predicted trends according to our preferred valence state in the absence of

any metallic silicon.

1 Single stage: 2600 K, 11 GPa, AIW-2.3 —
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Fig. 6. BSE depletion due to core formation of each element of interest, i.e. final silicate
concentration as a fraction of the initial. Blue filled symbols are calculated in this study from
eqg. 10, by considering the effect of the mole fractions of metallic silicon Xsi = 0 (triangle),
0.05 (diamond) and 0.1 (inverted triangle) on the partition coefficients. For comparison, open
circles are the apparent bulk Earth depletion C/Co, where C is BSE and Co is CI chondrite
(both compositions Palme and O’Neill, 2003). Filled circles are the apparent bulk Earth

depletions including the effect of volatility from Walter et al. (2000).
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11 TABLES

Experiment T(K) AIWm* o AlWac* o Xsi o logDcy o logDge o logDsy © logDsn ©
H3707a 2584 -2.56 0.04 -2.56 0.04 0.003 0.005 1.57 0.05 3.15 0.09 3.89 0.10 2.35 0.10
H3707b 2584 -5.02 0.16 -4.87 0.16 0.210 0.003 2.18 0.05 3.74 011 417 0.12 2.86 0.06
H3718a 2658 -2.51 0.03 -251 0.03 0.005 0.014 1.56 0.03 3.40 0.09 430 0.10 241 0.08
H3718b 2658 -4.04 0.05 -4.03 0.05 0.077 0.001 1.92 0.05 391 0.13 472 0.16 298 0.11
Z926a 2668 -2.57 0.03 -2.57 0.03 0.002 0.004 1.56 0.03 3.33 0.13 421 0.12 2.38 0.11
Z926b 2668 -2.62 0.03 -2.62 0.03 0.001 0.001 1.63 0.03 3.43 0.13 412 0.16 2.56 0.15
logDag o
H3444a 2609 -2.70 0.03 -2.70 0.03 0.006 0.001 1.40 0.27
H3444b 2609 -2.80 0.06 -2.80 0.06 0.005 0.001 1.40 0.17
Z915a 2641 -4.12 0.03 -4.09 0.03 0.114 0.001 153 0.23
Z915b 2641 -5.33 0.08 -5.11 0.08 0.259 0.002 1.67 0.48
Z916a 2580 -2.71 0.03 -2.71 0.03 0.007 0.008 1.40 0.31
Z922a 2588 -2.68 0.05 -2.68 0.05 0.003 0.002 1.42 0.24
Z922h 2588 -2.49 0.08 -2.49 0.08 0.003 0.011 1.37 0.20
logDas o logDau o logDp o©
Z1002b 2602 -3.98 0.05 -3.97 0.05 0.046 0.007 498 0.04 410 0.16 2.72 0.24
Z1008b 2614 -2.81 0.06 -2.81 0.06 0.003 0.005 489 0.11 416 0.15 2.16 0.16
Z1011la 2605 -2.41 0.05 -2.41 0.05 0.002 0.004 4.63 0.16 3.88 0.21 2.11 0.17
Z1019b 2624 -5.40 0.04 -5.25 0.04 0.214 0.004 426 0.18 3.74 0.32 2.58 0.12
logDpy o
H3704a 2639 -4.82 0.05 -4.69 0.05 0.205 0.003 1.76 0.43
H3704b 2639 -4.26 0.05 -4.22 0.05 0.118 0.001 1.75 0.23
Z919%a 2605 -2.77 0.04 -2.77 0.04 0.008 0.004 141 0.22
Z919b 2605 -2.50 0.03 -2.50 0.03 0.001 0.002 1.30 0.36
Z920b 2580 -2.70 0.05 -2.70 0.05 0.004 0.004 1.38 0.33

Table 1: Results. log(Dwm) are mole fraction ratios. Complete silicate and metal compositional data are provided as supplementary information.

* ATWm = measured (from Xreo/Xre); AIWac = activity-corrected. In the text, the activity-corrected version is used unless otherwise specified.
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M e In(vg) ex(n) n RMS &y AG® (J mol?)
P 7.35 0 8.1n-6.5 5 042 44.0 (14.7) 41370

Pb 0 6.73 8.6n-7.1 2 0.02 10.2 (0.9) -107462

As 0 0 101n+44 3 017  347(6.8)  -142007

Sb 0 0 76n—03 3 017  226(106)  -110471

Ge 1.80 0 7.6n-3.1 2 014 12.2 (6.3) -108586

Cu -5.38 2.15 7.6n-6.0 1 0.04 1.5(1.1) -81833

Sn 029 095 77m-31 2 011  122(49)  -78717

Au 0 0 101n+188 1 010  120(52)  -163656

Ag -18.73 5.30 7.8n-2.9 1 0.03 5.0 (1.3) -118857

Table 2: €}, e and yyy are referenced to 1873 K (equations A3 and A4). Values for eif and
vy are from SDS when available. When unknown, 0 in italics indicates that ideal mixing is
assumed. n is our preferred valence state as discussed in section 4.4, with the subsequent
columns calculated on the basis of this value. 31 (n) is ey as a function of n, indicating the best
fit &5 value that would be obtained if a valence state is assumed that is different from our

preferred value. 1o uncertainty on the fitted value of &5 is given in brackets.
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