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Abstract

The timing and origin of volatile elements accretion on Earth has been and continues to be key
questions, despite intense research scrutiny. Two end-member scenarios are usually proposed in which
(1) volatile elements were delivered during the main phase of Earth’s accretion and underwent
subsequent core—mantle differentiation, or (2) Earth accreted from largely dry and volatile-depleted
material, with late addition of volatile-rich material after differentiation. Studying the behavior of
elements that are both volatile and siderophile in a metal-silicate equilibrium can help discriminate
between those two scenarios by deconvolving the effect of siderophile processes such as the Earth’s
differentiation from the effect of volatile processes. We report high-pressure and high-temperature
metal-silicate equilibrium experiments that are used to trace the behavior of four moderately volatile
and siderophile elements: Cd, Bi, Sb and Tl. Experiments were performed in piston cylinder and
multianvil presses between 2 and 20 GPa, from 1700 to 2600 K, in order to study the partitioning
behavior of these elements, including the relative influence of pressure, temperature, oxygen fugacity
(fO»), and composition. Our results indicate that Cd, Bi, Sb and T1 partitioning coefficients are largely
controlled by changes in temperature, pressure, fO, and the S content of the metal phase. The pressure
effect on Tl and Bi partitioning is measured for the first time and improves significantly the
knowledge of Bi and Tl behaviour during core formation. Core formation modelling was used to
reconcile the experimental data with observed abundances for different accretion scenarios.
Homogeneous accretion with full core-mantle equilibration induces a massive segregation of Bi, Sb
and TI in the core, preventing reproduction of observed present-day mantle abundances. We find that a
scenario in which the volatile elements are accreted in the last 10-20% of the Earth’s accretion is the
most suitable accretion process that is able to explain the abundances of Cd, Bi, Sb and TI in Earth’s
mantle. Partial core-mantle equilibration is necessary to reproduce Bi and TI abundances. Our
partitioning data also suggests that a 0.5% chondritic late veneer may account for the Bi abundance
measured in the bulk silicate Earth. These observations corroborate a growing wealth of evidence in

support of this schematic heterogeneous accretion pathway.
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1. Introduction

The presence of active plate tectonics, liquid ocean and life, make the Earth unique compared to any
other terrestrial planets of the solar system. The origin of volatile elements—which are crucial to the
development of life on Earth—is a hotly debated topic. The depletion in volatile elements of the
Earth’s mantle could be due to (1) volatile loss by syn- and post-accretional volatilisation, and/or to
(2) incomplete condensation of the solar nebula (Albarede, 2009).

Volatile loss on Earth has been largely argued against by studies reporting a lack of heavy isotope
enrichment in the Earth’s mantle compared to primitive meteorites (Humayun and Clayton 1995; Luck
et al., 2005; Pringle et al., 2017; Pringle and Moynier, 2017; Sossi et al., 2017; Tuller-Ross et al.,
2019; Varas-Reus et al., 2019; Wang and Jacobsen, 2016), although small isotopic fractionations
reported for Mg (Hin et al., 2017) and Si (e.g. Pringle et al., 2014; Young et al., 2019) suggest
volatilisation may have happened. The Mn/Na ratio, which is sensitive to post-nebular volatilisation
and is chondritic in the bulk Earth, provides an additional argument for limited volatile loss during or
after Earth’s accretion (O’Neill and Palme, 2008; Siebert et al., 2018), favoring incomplete
condensation of the solar nebula as the main process explaining the volatile depletion on Earth. This
study aims at discriminating between several plausible accretion scenarios that could produce the
observed volatile elements pattern of the Earth’s mantle:

(1) “Dry accretion”, where the Earth largely accreted from dry material, devoid of volatile elements.
The solar system temperature during that period may have been too high to allow the condensation of
volatile elements (Albarede, 2009), supporting this scenario. The volatiles are brought after core
formation ceased, as a late veneer of chondritic composition (Albarede et al., 2013; Budde et al., 2019;
Dauphas et al., 2017; O’Neill, 1991).

(2) “Wet accretion”, on the other hand, is accretion from building blocks that are partially volatile
depleted, such as chondritic material(s). The elements are segregated between core and mantle
according to their siderophility during differentiation, which explains the abundances of elements in
the Earth’s mantle (Righter et al., 2017b; Wood and Halliday, 2010), potentially associated with

volatile loss (Hin et al., 2017; Norris and Wood, 2017; Pringle et al., 2014).
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(3) In an intermediate scenario, Earth is accreted from compositionally heterogeneous material, and
the bulk of its volatile element inventory is brought in the last stages of accretion and differentiation.
As proposed by Braukmiiller et al (2019), the volatile elements on Earth could originate from 10 to 15
wt.% of Cl-like material brought towards the end of the main phases of Earth’s accretion. This stage
could have been associated with the formation of a volatile-rich liquid sulfide matte that subsequently
mixed into the core (O’Neill, 1991; Savage et al., 2015; Schonbachler et al., 2010).

By studying the metal—silicate partitioning behavior of elements that are both volatile and siderophile,
the effect of the Earth’s differentiation can be isolated from the effect of volatile processes, helping to
discriminate between the three main volatile accretion scenarios.

This study focuses on four moderately volatile and siderophile elements (MSVEs), which are depleted
in the Earth’s mantle compared to lithophile volatile elements as a consequence of their segregation
into the core during differentiation (Lodders, 2003; Wasson et al., 1988; Wood et al., 2019).
Experimental studies of MSVE behaviour at metal-silicate equilibrium at high pressure and high
temperature can be used to characterise the siderophility of such elements and infer the effect of
differentiation on their observed abundances in the Earth’s mantle (e.g. Ballhaus et al., 2017;
Blanchard et al., 2015; Corgne et al., 2008; Mahan et al., 2017; Righter et al., 2017a; Siebert et al.,
2011; Steenstra et al., 2019; Suer et al., 2017). Comprehensive parameterisation of metal-silicate
partitioning includes the effect of pressure, temperature, fO,, metal and silicate composition. Such
parameterisation can be used as input in core formation models, where the partitioning is reconstructed
at each step of the Earth’s accretion at the predicted pressure and temperature conditions of the Earth’s
differentiation. These models are used to test various accretion scenarios in an attempt to reconcile
experimentally determined partitioning behaviors of elements with their observed abundances in the
Earth’s mantle (e.g. Blanchard et al., 2015; Rubie et al., 2011; Wade and Wood, 2005). The results of
those models can then be compared to natural observation and used to isolate the most likely accretion
scenarios.

This study is focused on experimental characterisation of the partitioning behavior of Cd, Bi, Sb, and
Tl in a metal—silicate equilibrium. These elements are MSVEs with condensation temperatures of 652,

746, 979 and 532 K respectively (Lodders, 2003), recently reappraised to 502, 480, 890 and 365 K
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(Wood et al., 2019) in particular by including recent halogen abundances adjustment (Clay et al.,
2017). The fact that they are affected by core—mantle differentiation as well as volatile processes
makes them good tracers of volatile accretion. Cadmium metal-silicate partitioning data has been
reported in several studies (e.g. Wang et al., 2016; Wood et al., 2014) with very different conclusions,
ranging from Cd mantle abundance being fully explained by core formation (Righter et al., 2017a,
2019), to not at all (Ballhaus et al., 2013). This could be the consequence of the scarcity of high-
pressure experiments permitting to observe and quantify other operative effects such as pressure.
Bismuth and thallium metal-silicate partitioning have never been measured above 3 GPa, meaning
that the pressure effect on their partitioning has never been constrained. Bismuth abundance in the
bulk silicate Earth (BSE) has been explained based on low-pressure data, to be controlled by core
formation (Righter et al., 2017a) possibly associated with segregation in a sulfide matte (Righter et al.,
2019,2020), but models including the pressure effect on the Bi partitioning could lead to significantly
different conclusions. Also based on low-pressure experiments, T1 abundances in the BSE have been
explained by late accretion (Ballhaus et al., 2013) or sulfide segregation (Wood et al., 2008, 2014).
However, novel insights on the pressure effect on the T1 partitioning could help refine the associated
core formation models. Existing data of Sb partitioning include a majority of experiments below 4
GPa (Steenstra et al., 2017; Steenstra et al., 2020a,b), though some higher-pressure experiments are
reported (Vogel at al., 2018), and lead to a variety of proposed scenarios that may explain the Sb
abundance in the BSE: core formation alone (Righter et al., 2009, 2017a,b), possibly including
equilibration with a sulfide liquid (Wood et al., 2014). Further parameterisation of the Sb partitioning
between metal and silicate may help to better understand the processes that produced the observed Sb
abundance in the Earth’s mantle.

We report novel partitioning data for 17 experiments performed at high pressure and high temperature.
Combined with literature data, they enhance our collective comprehension of the behavior of these
elements, in particular by widening the range of pressure investigated in this type of experiments.
Subsequent parameterisation was used for extrapolation to conditions relevant to Earth’s

differentiation, and has been input into core formation models to explore the partitioning behaviour of
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Cd, Bi, Sb and Tl along a range of plausible volatile accretion trajectories and propose coherent story

for the distribution of these MVSEs during Earth’s accretion.

2. Experimental and analytical methods

2.1. Starting materials
Experiments were prepared with two different starting materials made of 30:70 metal and silicate
powder mixtures (Table 1). A natural MORB was used as the silicate fraction. The metal fraction was
added to the silicate as pure powders of Fe and FeS. Tin was also added to the starting mixtures, and
will not be further discussed here as it will be the focus of a distinct publication. The mixture was then
doped at a 1 wt.% level with elements of interest and all components were combined in an agate
mortar after weighing, and the bulk subsequently mixed and crushed together until obtaining a

homogeneous mixture.

2.2. Piston cylinder experimentation
Five experiments were performed with a 150-tons end-loaded piston cylinder press at the Institut
Physique du Globe de Paris (IPGP). They were all performed in ¥2” cell assemblies at 2 GPa and from
1773 to 2273 K. The duration of each run was chosen carefully with respect to the temperature in
order to reach elemental equilibrium between molten metal and silicate melt while minimising the
chemical reactions with the capsule (Corgne et al., 2008; Siebert et al., 2011). Prior to the run, a MgO
capsule was filled with starting material and packed, and the capsule was placed inside a talc—pyrex
assembly (Siebert et al., 2011). The temperature of the sample was measured during the experiment
using a type D thermocouple (W¢7Res/W7sRexs) previously placed in contact with the lid of the
capsule. Samples were quenched by terminating heating. Representative pieces of metal and silicate
were mechanically selected under magnifying glass, mounted in resin and carefully polished for
scanning electron microscopy (SEM) observation, and electron microprobe (EPMA) and laser ablation

(LA-ICPMS) measurements.
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2.3. Multianvil experimentation
Twelve multianvil experiments were performed at Bayerisches Geoinstitut using a 5000-ton Zwick
and a 1000-ton Hymag multianvil apparatus from 7 to 20 GPa. Pressure media consisted of MgO
octahedra with 18 and 25 mm edges (Rubie, 1999; Frost et al., 2004). Cubic tungsten carbide anvils
with 15, 11 and 8 mm truncations (25/15, 18/11 and 18/8 configurations) were used to apply pressure
to the sample along three primary axes. The starting material was contained in MgO single—crystal
capsule and lid. In order to minimise temperature gradients, a stepped LaCrOs heater was used. During
the experiment, the sample temperature was monitored using a type D Wo7Res/W7sRe,s thermocouple.
The experimental conditions are summarised in Table 4. The whole samples were mounted in resin
and polished until exposure of a significant surface of metal and silicate material for SEM (see
Supplementary information), EPMA and LA-ICPMS analysis. Further details about the experimental
procedures and pressure calibration of piston cylinder and multianvil presses used in this study can be

found in the Supplementary information.

2.4. Electron microprobe measurements

EPMA measurements were performed using a CAMECA SX Five electron microprobe (CAMPARIS,
Université Pierre et Marie Curie). Polished and mounted samples were evenly carbon coated prior to
analysis. A selection of major and trace elements was resolved in both metal and silicate phases (Table
2) using an accelerating voltage of 15 keV and a beam current of 300 nA. Counting times were

as follows: 10-20 s for major and 20-90 s for trace elements. To prevent heterogeneities induced by
quench textures from affecting the measurements, 30 PUm rasters were used instead of points to
improve the analytical statistics (see Supplementary information). No compositional zonation was

found across the samples presented in this study, advocating for equilibrium achievement.

2.5.Laser ablation ICP-MS measurements
LA-ICPMS measurements were performed on the silicate phases of the experiments of this study in
order to constrain the concentration of elements of interest in lower concentration than EPMA
detection limits (Table 2). Laser ablation analyses were performed using an Element XR high-

resolution mass spectrometer (Université de Brest) coupled to a 193 nm Compex Pro 102 Coherent
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Laser system. The laser was set to a 15J/cm? output and a 10 Hz frequency. A 90-um beam was used
to vaporise a significant amount of sample, and 3 to 8 measurements were performed and averaged on
each sample (Table 4). A helium flux was used to carry the ablated particles that were mixed with
argon before entering the plasma. Data calibration was computed using both Mg concentrations
previously measured by EPMA as internal standardisation and standard interpolations by measurement
of silicate standards NIST610, NIST612 and NIST614. Data corrections were carried out using
GLITTER software to correct for deadtime (Van Achterbergh et al., 1999) and subsequent manual

data reduction was done to subtract the background and normalise to Mg for the last cycles.

3. Results

3.1. Petrography
Petrological observation of silicate phases shows homogeneous melt presenting dendritic quenched
olivine and pyroxene crystals due to reaction with the MgO capsule. Metal phases consist of a single
metal sphere with a diameter of roughly 1 mm in piston cylinder runs and 500 pm in multianvil runs.
Quench textures can be observed on the sections of these spheres. These petrological observations (see
Supplementary information) indicate that the starting material was fully melted at superliquidus

temperatures allowing coalescence of the liquid metal and equilibrium achievement.

3.2. Elemental compositions
All elemental concentrations from EPMA and LA-ICPMS are presented in Table 2. In the silicate
phase of the experiments, the MgO content ranges from 15.4 to 37 wt.% and SiO> from 30.2 to 48.5
wt.%. The combination of EPMA and LA-ICPMS allowed to measure the wide range of
concentrations of the studied elements: 900 to 4000 ppm for Cd, 4 to 200 ppm for Bi, 1 to 1400 ppm
for Sb and 600 to 6000 ppm for T1. We note that although E345 yields a low total by EPMA analysis,
which may indicate contamination from the outer assembly, the partitioning data of this single
experiment was found very consistent with the rest of our dataset as well as literature data (Righter et

al., 2017b), especially for Sb and Bi, and was therefore included in the dataset presented here.
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Iron is the main component of the metallic phase with 60 to 90 wt.%. The S content ranges from 0.1 to
20 wt.%. Concentrations of the elements of interest in Fe-rich phase range well above EPMA detection
limits, as follows: 0.03 to 2 wt.% for Cd, 0.04 to 3.5 wt.% for Bi, 1.8 to 3.5 wt.% for Sb and 0.01 to 2.3
wt.% for Tl. Experiments presenting Tl concentrations close to EPMA detection limit (e.g. Z1825)
were discarded for further calculations.

Silicate and metallic phases were found compositionally homogeneous after thorough SEM
observation and EPMA analyses. Oxygen fugacity, calculated with respect to the iron-wiistite (IW)
buffer (Equation 1), varies from -2.8 to -1.7 in the experiments. In this equation, the activities are
taken equal to the molar fractions based on a negligible predicted effect of the variations of
composition amongst the experiments (i.e. calculated fO, would lead to a change of ~0.2 log units
when considering activity model of iron in metal for a putative composition of 30 wt.% S in the

metal).

silicate

AW =2 - ZOQ%
XFe

Equation 1
3.3. Metal-silicate partitioning
The distribution of an element M of valence state n between metal and silicate at equilibrium

conditions can be expressed with the partition coefficient:

Xlrwnetal
DM =

~ ysilicate
MOn/z

Equation 2

where X; are the mole fractions of element M or its oxide in the metal and silicate phases.
The equilibrium of M between metal and silicate can also be represented as a chemical exchange redox

reaction:

MOTsli/lzicate + gFemetal — gFeOSilicate + Mmetal

Equation 3
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The exchange coefficient K of this reaction will allow to quantify the partitioning of element M
independently of fO,, simplifying the study of the effect of other parameters such as pressure,
temperature and composition:

(alsriel(i)cate)"/z . (aﬂetal)

"~ (. silicate (- metal\"/?
(amon/z ) (afet®)
Equation 4

where a; are the activities of the different components, such as a; = y;X;, where y; is the activity

coefficient and X; is the mole fraction:

/2 n/2
stlwate n/2 Xmetal metal silicate
logK = lo g( ) ( M n/z og Yia n/2 (y stllcat)e
(xifbepee) - (ke (et Vit
Equation 5
.. /2
D metal silicate\™
logk = log——+ D, )n/Z logyM—n/z 09( Fesoilicat)e
( (y;reletal) yMOn/z
Equation 6
yﬂr}}etal ( Igilé'cate)n/z
_ M e
logK = logKy + logw +10g " iicate
(]/Zfele a ) yMOn/Z
Equation 7

The term K)! can be calculated for each experiment as it depends on molar concentrations of M and Fe
in the metal and silicate phases. The determination of the valence state of M is essential for the
calculation of the equilibrium constant and further parameterisation of the partitioning. The preferred

valence state for Cd is 2+ in numerous previous studies (Righter et al., 2017a, 2019; Wood et al.,
2014). It can be demonstrated that logDy is a function of % log fO:, allowing to calculate the valence

state from a selection of experiments that are similar in pressure, temperature and composition over a
sufficient range of fO: (Siebert et al., 2011). Our data combined with literature data allows to provide
such an estimation of the valence state of Cd over more than two log units of fO. (Figure 1). The slope
of the regression line is equal to 0.5, which corresponds to a 2+ valence state. The scarcity of the data
and insufficient oxygen fugacity range prevents from demonstrating the valence state of Bi, Sb and TI

by the same method as that of Cd on Figure 1. However, Sb has been studied assuming largely a 3+
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valence state (Righter et al., 2009, 2017a,b; Steenstra et al., 2017; Vogel et al. 2018; Wood et al.,
2014) and 3+ was also favored in this study. Bismuth partitioning was also parameterised as a trivalent
cation in agreement with previous studies (Righter et al., 2017a, 2019), and Tl as a monovalent cation
(Wood et al., 2008, 2014). XANES studies are needed in order to quantitatively determine the valence
state of these elements in silicate melts.

The partitioning of Cd, Bi, Sb and Tl represented by the exchange coefficient logK, defined in
Equation 7 is presented on Figure 2 as a function of reciprocal temperature. According to our dataset,
Cd partitioning (Figure 2a) presents no resolvable effect of temperature or pressure. Although it has
been suggested that there could be a positive (Ballhaus et al., 2013; Steenstra et al., 2020b) or negative
(Righter et al., 2017a) effect of temperature on Cd partitioning, the wide range of temperatures
presented in Figure 2a combined with the logKy formalism used in this study do not show this effect.
Experiments performed below 19 GPa and containing significant amounts of S in their metal present
enhanced logK,, suggesting a positive effect of S at those conditions. On Figure 2b which displays
logK,Bi, temperature notably decreases the partitioning and pressure has a strong positive effect on
logKa, as recently observed in Righter et al. (2020). A similar pattern is observed from logK.Sb
(Figure 2c). Sulfur has a positive effect on Bi partitioning of experiments at 2 GPa whereas S-bearing
experiments at higher pressures present similar logK, as S-free experiments of similar conditions. For
Sb, all S-bearing experiment present lower partitioning than their S-free analogs, suggesting a negative
effect of S, in accordance with previous studies (e.g. Wood et al., 2014). Pressure and temperature
both have a strong and positive effect on logK,T! (Figure 2d). A discrepancy on the S effect can be
observed on Figure 2d where S-bearing low-pressure experiments present higher partitioning than S-
free ones whereas above 10 GPa S-bearing experiments present lower partitioning than their S-free

analogues.

4. Discussion

4.1. Equilibrium achievement
Achievement of equilibrium between metal and silicate is critical for accurate characterisation and

parameterisation of the studied elements at such conditions. Steenstra et al. (2017) report time series
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experiments at 1783 K for Cd and Sb, showing complete equilibration of the experiments after 15
minutes at such temperature. We therefore applied similar—and sufficient—time durations allowing
complete fusion of the sample (Thibault and Walter, 1995), as well as thorough petrographic
characterisation showing homogeneous phases, were achieved in this study. Our data presents
overarching trends that can be described thermodynamically, thus providing further evidence of
equilibrium.

4.2. Metal-silicate partitioning of MSVEs and Earth accretion

4.2.1. Thermodynamic parameterisation
Parameter logK, defined in Equation 7 was calculated for Cd, Bi, Sb and TI in each experiment and
reported in Table 2 and presented in Figure 2. The ratio of oxide activity coefficients was neglected as
it is predicted to have little effect on the equilibrium constant, especially for low—below 4+—valence

state elements (Wade and Wood, 2005). logK, can be expressed as follows:

metal

Ym

1 P
long=a+b-T+c-——logW
e

T

Equation 8

The constants a, b and ¢ reported in Table 3 were computed using the least-squares multivariate linear
regression method from measurements on experiments of this study and associated literature with a
metal devoid of S, Si and C. These parameters were used to calculate the regression lines displayed in
Figure 2 and 3.

The activity coefficients representing the effect of the metal composition on the partitioning were

calculated by using the partitioning of S-bearing experiments:

yﬂr}}etal
lOgK - lOgKD = lOg (W)
e

Equation 9

The activity coefficients yjr¢* and y7et@ were deduced using the interaction parameter approach

developed by Ma (2001):

1 P n
logKp = a+b-—+c-7—logy,3,+£,{‘,,4-log(1—xM)+£,f¢-log(1—xs)+(E—1)-£§-(xs+log(1—xs))

! Du___
Og (DFe)n/z B T

Equation 10
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where sji represents interaction parameter of i on j, and yy the activity coefficient of M. &5 is the

interaction parameter representing the effect of the presence of S on the activity of M. ej; was fitted to
the experimental dataset for all four elements using Equation 10 and reported in Table 3. It should be
noted that the €§; computed from our dataset are consistent with other estimates for Cd and Tl (Wood
et al., 2014), although we find a larger effect of S on Sb partitioning than previously estimated. Our
results indicate that €3, is pressure-dependent for Cd, Bi and TI. This is in good agreement with other
studies detecting an effect of pressure on interaction coefficients &5, (Wang et al., 2016) and s,f,,i
(Steenstra et al., 2020a) for several siderophile elements. Such pressure effect could be explained by
structural transitions of liquid metal at pressures above 5 GPa (e.g. Morard et al., 2007; Siebert et al.,
2004; Sanloup et al., 2011) or in the silicate (e.g. Lee et al., 2003). Values of logK, calculated for all
experiments of the dataset, are shown in Figure 3. This expression of M metal-silicate partitioning
only displays the effect of pressure and temperature. S-bearing experiments are corrected for their S

effect and show similar partitioning to experiments of same PT conditions that are devoid of S.

4.2.2. Core formation models

Core formation modeling is used to assess the partition coefficient of an element at each incremental
step of a differentiated planetary body’s accretion (Rubie et al., 2015). The intended purpose is to
compare the final partition coefficient obtained to the observed partitioning of an element in a
planetary body of interest. By testing multiple accretion scenarios and their effects on the distribution
of the element of interest, it is possible to propose one or a variety of scenarios that can account for the
observed abundance of an element in the mantle of a differentiated planet.

The experimentally computed regression parameters that describe the behavior of Cd, Bi, Sb and Tl in
a metal-silicate equilibrium (Table 3) were used to recalculate the partitioning over the course of

Earth’s accretion, simulating several different plausible scenarios, using the following equation:

n x
logD,, = logKY! —E-log< Feo)

XFe
Equation 11

We used continuous core formation models (Wade and Wood, 2005) in which the evolution of

pressure and temperature conditions at the base of a deep magma ocean was reconstructed over the
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course of the accretion, as a function of the accreted fraction. Planetesimals and differentiated
planetary embryos of increasing sizes are brought one by one to form the planet. The fO, of present-
day core-mantle equilibrium was used (IW-2.3) during the accretion for all models. All presented
models were computed with 1.9 wt.% of S in the core of the Earth and differentiated embryos, in
agreement with multiple estimates (e.g. McDonough et al., 2003; Suer et al., 2017). Other light
elements likely contribute to the composition of the Earth’s core (e.g. Badro et al., 2015), up to 10% of
its mass, and could have an effect on the partitioning of the four elements studied. However, the
determination of such effects falls beyond the scope of this publication, as they need to be
systematically investigated in future work. Parameter k, defined as the fraction of the core of the
accreted embryo that equilibrates with the mantle of the proto-Earth, is used to simulate several
degrees of equilibration efficiency. Fluid dynamics analog experiments showed that full equilibration
of an impactor’s core with the proto-planet’s core necessitates the metal of the impactor’s core to
break down to small size droplets and to segregate into the core of the planet, which is less efficient
with increasing impactor size. This effect can be modeled using parameter & (Deguen et al., 2014)
which includes the effect of the mass of silicate that is dragged towards the core along with the metal
when metal segregation occurs, preventing full equilibration. The formalism established by Deguen et
al. (2014) was used to model the efficiency of the equilibrium with more accuracy.

Homogeneous models, where the elements involved—Cd, Bi, Sb, Tl and S—are present in the same
concentrations in the accreted material over the course of the accretion, were computed for each of the
four elements of interest. A heterogeneous accretion scenario was also modeled, in which the delivery
of the volatile elements is concentrated in the later part of the main phases of Earth’s accretion, before
core segregation ceased, as proposed in recent studies (Braukmiiller et al., 2019; Suer et al., 2017). We
also tested the possibility of a late veneer, consisting of the late accretion of a limited amount of
chondritic material which may have been brought after core formation ended, and would therefore be
mixed in the mantle with no equilibration with the core. The late veneer is a process best known for
explaining the platinum group elements abundances in the Earth’s mantle, which are orders of
magnitude higher than their predicted abundances by core segregation, given their highly siderophile

behavior (e.g. Holzheid et al., 2000; Day et al., 2016).
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Results from the core formation models computed in this study (Figure 4) were compared to
estimations of the core—mantle partition coefficient of Cd, Bi, Sb and TIl, which are based on natural
samples measurements. For each element, this estimation is calculated by assuming that the MSVE
accreted in similar relative abundance to a lithophile element of similar volatility. In this framework,
the additional depletion of the MSVE relative to the canonical volatile lithophile trend is attributed to
its segregation into the core. As this is a quantitative approach, each element’s depletion can be
calculated and used as to estimate the abundance of a given MSVE in the Earth’s core. Combined with
the BSE abundance estimates, an apparent core—mantle partition coefficient can be constituted (see
Supplementary information). Each of Cd, Bi, Sb and Tl was paired with the lithophile element of
closest condensation temperature (Table 4). We provide two estimates, one using condensation
temperatures Tso from Lodders (2003) and a second one using more recent estimates from Wood et al.
(2019), which changes the lithophile reference element for Cd, Bi, Sb, and therefore the core/BSE
estimation. We also considered the hockey stick volatile pattern proposed by Braukmiiller et al. (2019)
which affects Cd, Bi and TI as their condensation temperatures correspond to the plateau part of the
pattern. We used a range including all three of these estimates as the apparent core—mantle value,
acting as a “target” for our core formation models.

Results from core formation modelling are presented in Figure 4. The effect of S on partitioning
determined experimentally is varying with the pressure of equilibrium (Table 3). This was taken into
account in the models and the S effect was calculated according to the pressure range when necessary.
In calculations considering partial equilibration, Dy is sensitive to the size of the accreted embryos
which is why we observe variations on the curves at stages where there is a change of the size of
accreted bodies. For Cd, Sb and TI, a late veneer of 0.5% of the Earth’s mass composed of CI material
was found to have negligible effect on the modelled partitioning. Such a process would account for
only ~10 wt.% of the abundance of these elements in the Earth’s mantle, and was therefore not
included on the corresponding figures. In the case of Bi, for which a 0.5 wt.% late veneer would raise
by 16 wt.% its BSE abundance, the effect is larger and was included in the models presented in Figure

4b.
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Experimental Cd partitioning was found to be independent of pressure and temperature conditions,
with a positive effect of S on D¢, reported below 18 GPa. This leads to a full match of all the modelled
scenarios with the apparent core—mantle value which ranges from 0 to 11.5 (Figure 4a), preventing
strong arguments in favour of a scenario compared to another. D¢s evolution for a homogeneous
accretion leads to a final partitioning of 3.2+1.4. However, a heterogeneous scenario with an accretion
of the volatiles in the last 10% yields a final Dc¢q of 5.5%£2.3 which is closer to the central estimated
value. This is due to the fact that the pressure of equilibration in the last accreted embryo, 10% of
Earth’s mass, is inferior to 18 GPa, inducing an effect of S that increases the partitioning. On the
contrary, with a scenario of volatile delivery in the last 20%, the final accreted embryo is equilibrated
at a pressure above 18 GPa, which means that the effect of S is not considered. The final D¢, is
2.7+1.1 and sits further from the central value.

The estimated Dg; of the Earth ranges from 1.2 to 28.9 (Table 4). The reconstructed partitioning for a
scenario of full equilibration with compositionally homogeneous accretion is more than one order of
magnitude higher than the observed value, with a final Dg; of 762+225 (Figure 4b), making this
scenario unlikely. A homogeneous scenario with partial equilibration (final Dp=129+38) yields a final
partitioning also significantly higher and distinct from the apparent value. It should be noted that a
homogeneous accretion with a partial equilibration and a 0.5 wt.% late veneer would not meet the
upper limit of the estimated core-mantle value with a final Dg; of 63+19. When considering an
accretion of the volatiles in the last 10 and 20% of the accretion including a 0.5 wt.% late veneer of CI
chondrite-like material, the final Dg; is closer to the observed partitioning, with final Dp; of 44+13 and
52415 respectively. When using distinct BSE estimate by McDonough et al. (2003) of 2.5+0.75 ppb,
the estimated core—mantle partitioning (31£25) is higher and less consistent with the estimate from
Braukmiiller et al. (2019) but allows for the modelled accretion of the volatile elements in the last 10%
with a 0.5% late veneer to reproduce the estimated partitioning within error, with Dz=44+13. Bismuth
abundance in the Earth mantle is not well resolved, but by using multiple existing estimates the only

scenario in which this abundance can be accounted for involves a heterogeneous accretion of the
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volatile elements in the last 10% of Earth’s accretion associated to a 0.5 wt.% late veneer of chondritic
composition.

The core formation models of Sb (Figure 4c) are unique in the sense that for a homogeneous accretion,
the scenario with partial equilibration presents a higher final partitioning (80+£29) than with a full
equilibration (68+25) because of the strong negative effect of S that is undermined by a less efficient
equilibration. These two scenarios are higher than the apparent core—mantle Ds, which ranges from 7
to 16. Three heterogeneous scenarios are presented here with an accretion of the volatile elements in
the last 10, 15 and 20% of the Earth’s formation yielding final partition coefficients of respectively
4+1, 1244 and 20%7. The 15% late accretion scenario is the best match to the central observed value
and the modelled 20% scenario presents a final Dg, that falls within error of estimated core—mantle
value.

The apparent core-mantle Dy value ranges from 0.6 to 38. A homogeneous model with full
equilibration (Figure 4d) yields a final Dy of 924+414, which is significantly higher than the target
value, preventing reconciliation of the experimental data with the observed abundances through this
scenario. Using a partial equilibration model for the same homogeneous accretion scenario allows to
match the observed partitioning with a final Dy of 8.8+4. Three heterogeneous accretion models are
also presented, with two of them yielding final Dy within the range of the observed core-mantle
value: 3.2+1 for a delivery of volatiles in the last 15% of Earth’s accretion and 9.3+4 for a delivery in
the last 20%. A scenario of accretion of the volatiles in the last 10% of the Earth’s accretion presents a
final Dr; lower but within error of the observed value (0.5+0.2).

A homogeneous accretion with full equilibration is only compatible with the observed partitioning in
the case of Cd, therefore, such a scenario is not well supported by this study. The apparent core—
mantle partition coefficients of Cd and Bi are best reproduced in the case of an accretion of the
volatiles in the last 10% of the Earth’s accretion with a partial equilibrium, although the Cd models do
not allow strong conclusions. The abundances of Sb and TI in the BSE are best modelled in a scenario
of accretion of the volatile elements in the last 15-20% of Earth’s accretion. The abundances of Cd

and TI could also be explained by a homogeneous accretion with partial equilibration. Although Cd,
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Sb and T1 apparent partitioning can be explained without including a late veneer, no model would fall
in the range of the apparent Bi core-mantle value without a 0.5 wt.% late veneer, in agreement with
previous studies based on different geochemical observables (Holzheid et al., 2000; Médard et al.,
2015; Suer et al., 2017). Several scenarios could explain the abundances in the Earth’s mantle for most
of the elements studied here, however, the most supported scenario includes a partial equilibration and
an accretion of the volatile elements in the last 10 to 20% of the Earth’s accretion, before core—mantle
equilibration ceased, possibly followed by a 0.5% late veneer composed of CI chondritic material.
Such a scenario is also supported by recent studies (Braukmiiller et al., 2019; Mahan et al., 2018a,b;
Suer et al., 2017). Lastly, our results advocate for partial equilibration over full equilibration
(especially for Bi and T1) which is a result worth mentioning since the efficiency of the core—mantle
equilibration is a debated topic (e.g. Deguen et al., 2014; Kendall and Melosh, 2016). It should be
noted that several processes that were not included in the models of this study could, when considered
and quantified, modify the outcomes of the models. First, the presence of Si in the core could have a
strong negative effect on the partitioning of volatile and siderophile elements, as suggested by Righter
et al. (2019). In this case, the addition of Si to the core would likely lower the partitioning of the
elements, thus influencing the results and conclusions of this study. However, the effect of Si on the
partitioning of these elements needs to be carefully addressed, as experiments containing Si-rich metal
often lead to the formation of immiscible metallic liquids (e.g. at 1 GPa, Righter et al., 2019) and to
the exsolution of nuggets in the silicate melt. Further work dedicated to the study of the effect of Si on
the partitioning of these elements are required to confirm the large effects reported in Righter et al.
(2019,2020). Furthermore, given their chalcophile behaviour, the Bi and Tl budgets in the Earth’s
mantle could be influenced by the formation of a sulphide matte by sulfur saturation towards the end
of differentiation (e.g. O’Neill, 1991) which was not considered here but could be modelled in future

work with proper characterisation of their sulphide-silicate partitioning.
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4.3. Core formation and Earth’s volatile accretion

4.3.1. A late volatile delivery
The experimental study of Cd, Bi, Sb and Tl behavior in a metal-silicate equilibrium and subsequent
core formation modelling argues in favour of a scenario of volatile delivery in the last 10 to 20% of
the main phases of Earth’s accretion, in agreement with numerous other studies. A late delivery of Tl
on Earth is also supported by recent study by Fang and Liu (2019), reporting isotopic fractionation of
Tl between metal and silicate and concluding that a late delivery of TI is needed to explain the
chondritic isotopic composition of the BSE. Experimental studies on other volatile and siderophile
elements show that a homogeneous accretion scenario would not reconcile the observed abundances of
these elements in the BSE. In particular, for S (Suer et al., 2017), Zn (Mahan et al., 2018b) and Cu
(Mahan et al., 2018a) experimental data were only reconciled with observables by volatile delivery in
the last stages of Earth’s accretion, a scenario also supported by Ballhaus et al. (2017). Amongst these
references, metal—silicate diamond anvil cell experiments (Suer et al., 2017; Mahan et al., 2018a.,b) at
conditions that are directly comparable to those of Earth’s differentiation (46 to 91 GPa) lead to
similar conclusions as lower pressure studies (Ballhaus et al., 2017; Mahan et al., 2017; Righter et al.,
2020) and strengthen the relevance of the low-pressure experiments to address this issue.
Experimental results on refractory siderophile elements Mo and W show that the Earth’s mantle
abundances are only reproduced if the S budget is accreted in the last 20% of the accretion (Wade et
al., 2012). Such a scenario is also supported by experimental study on the C/S ratio of the Earth (Li et
al., 2016). The existence of experimental studies focused on highly volatile, moderately volatile and
refractory siderophile elements promoting heterogeneous accretion reinforces its possibility, together
with non-experimental studies on a variety of isotopic and elemental measurements on elements of
various volatility properties. As such, a heterogeneous accretion scenario is also supported by highly-
volatile elements studies, such as noble gases (Marty, 2012). Isotopic measurements on natural
samples on Pd-Ag (Schonbichler et al., 2010) also support such a scenario. Halogens natural
abundances and ratios corroborates late-stage accretion of volatile rich planetesimals (Clay et al.,
2017). Recent S, Se and Te measurements in chondrites and terrestrial mantle (Braukmiiller et al.,

2019) shows that the volatile trend in Earth and chondrites presents a “hockey-stick” pattern, forming
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a plateau for the most volatile elements. A scenario of volatile delivery as 10-15 wt.% of Cl-like
material before core formation ceased (potentially as a giant, Moon-forming impact), is proposed to
explain the depletion of siderophile and chalcophile volatile elements relative to the observed plateau.
This last stage accretion process could be associated to the formation of a S-rich and volatile-rich
liquid at the base of the mantle that was subsequently segregated into the core, often referred to as the
Hadean matte (Rubie et al., 2016; Righter et al., 2019,2020). Lastly, reported numerical simulation
studies investigating this late delivery process, indicate that the accreted material may originate from
the outer solar system (Morbidelli et al., 2012; Raymond et al., 2006) and may have been triggered by
the rapid migration of the giant planets (Gomes et al., 2005). This material would likely have come
from beyond the snow line, with a carbonaceous chondrite-like composition (Charnoz et al., 2019;
O’Brien et al., 2018; Schiller et al., 2018), recently supported by Mo isotopic measurements (Budde et
al., 2019).
4.3.2. The late veneer

The reconstruction of Bi partitioning by core formation models indicate that a 0.5% late veneer of CI-
chondrite composition is necessary to explain the Bi abundance in the Earth’s mantle. However, this
conclusion must be considered with care as the Bi abundance in the BSE is estimated with large errors
(e.g. Palme and O’Neill, 2003). The late veneer has first been invoked in order to explain the relatively
high concentrations of highly siderophile elements (HSE) such as the platinum group elements in the
Earth’s mantle that are impossible to reconcile with their enhanced siderophility (Holzheid et al.,
2000; Mann et al., 2012; O’Neill et al., 1995) as well as Pt isotopic composition (Creech et al., 2017),
even if some studies suggest that their siderophility could be lowered by higher PT conditions (e.g.
Danielson et al., 2005; Righter and Drake, 1997; Rubie et al., 2016) or by segregation in a sulphide
matte (Righter et al., 2018). It should be noted that HSEs present different behaviours during core
formation with respect to core composition and PT conditions. Recent Ru and Se isotopic
measurements (Fischer-Godde et al., 2020; Varas-Reus et al., 2019) estimated a carbonaceous-
chondrite-like late veneer of respectively 0.3 and 0.15% of the Earth’s mass. A late veneer of similar
composition is also supported by S, Se and Te ratios (Wang and Becker, 2013). Mass balance

calculations on noble metals and gas yield a smaller late veneer mass, inferior to 0.01% (Dauphas and
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Marty, 2002). On the other hand, numerical simulation of a Grand Tack scenario linked to the
migration of giant planets predicts a more massive late veneer (O’Brien et al., 2014). Although there is
a discrepancy on the mass of the late veneer, numerous studies focusing on various cosmochemical

observables and using multiple methods necessitate such a late veneer to explain these observables.

4.3.3. Core-mantle equilibration efficiency
We show that Bi and Tl abundances in the Earth’s mantle can only be explained by scenarios
implicating a partial equilibration process between core and mantle, also supported by other metal—
silicate partitioning studies (e.g. Suer et al., 2017). A low core formation efficiency has also been
proposed as a plausible process contributing to the observed high HSE abundances in the BSE
(Arculus and Delano, 1981; Jones and Drake, 1986; Walker et al., 2009). Geochemical models predict
that the degree of equilibration during core formation was 36% based on Hf—=W, U-Pb and siderophile
elements constraints (Rudge et al., 2010). Fluid dynamics experiments by Deguen et al. (2014) suggest
that equilibration becomes less efficient as the size of the impactors increases, requiring the metal to
break down to fragments of 1 cm to 1 m for efficient chemical equilibration (Rubie et al., 2003). Our
experimental data agrees with this quantified process; however, it should be noted that recent
numerical simulations provide mechanisms, such as stretching of the metal, that would induce full
equilibration even for large differentiated planetesimals accreted to a terrestrial magma ocean (Kendall
and Melosh, 2016; Lherm and Deguen, 2018). The conclusions of these studies based on 2D geometry

would favour full equilibration conditions even more strongly in the case of 3D geometry.

5. Conclusions

We report metal-silicate partitioning data at high pressure and high temperature for Cd, Bi, Sb and Tl
designed to better constrain the behaviour of MSVEs during core formation. Characterisation of such
partitioning helps to deconvolve the effect of differentiation from the effect of volatile-related
processes on the observed abundances of the studied elements in the BSE, in order to propose a
suitable accretion scenario of the volatile elements on Earth. Partition coefficients of Cd, Bi, Sb and T1
are controlled by pressure, temperature, fO, and S content of the metal phase. Subsequent core

formation modelling shows that each studied MSVE abundance in the Earth’s mantle could be
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explained by one or several scenarios. A homogeneous accretion with full equilibration is not well
supported here, as it would create a deficit of Bi and TI of roughly an order of magnitude in the
Earth’s mantle. The most unifying scenario involves a heterogeneous scenario where the volatile
elements are accreted in the last 10 to 20% of the Earth’s accretion, before core segregation ceased.
Our study also supports partial equilibration of the mantle with the core during Earth’s accretion.
Lastly, a 0.5% late veneer of carbonaceous chondrite-like nature is required to account for the Bi

abundance observed in Earth’s mantle.
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Figure 1: Partition coefficient logDcu as a function of oxygen fugacity AIW calculated relatively to iron—wiistite (Equation 1)
for all experiments between 1 and 2.5 GPa and 1773-1883 K of this study and data compiled from the literature (Steenstra et
al., 2017,2020a; Wood et al., 2014). Errors correspond to 1 standard deviation (0) and were propagated from EPMA and LA-
ICPMS measurements of this study and from the literature. The variation in partition coefficient over a significant interval of
fO2 allows accurate determination of the valence state of Cd. In fact, it can be demonstrated that log D, is a function of
%lo g fO2 (Siebert et al., 2011). With the slope of the regression line shown on this figure equal to 0.5, we demonstrate that Cd

has a valence of 2+ over a range of more than 2 log units.
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Figure 2: Exchange coefficient logKu as a function of reciprocal temperature for Cd, Bi, Sb and TI and for all experiments of
this study and literature data. Errors are 1 standard deviation (0) propagated from EPMA and LA-ICPMS measurements of this
study and from the literature. Experiments holding more than 1 mol% of S in the metal part are differentiated by a horizontal
lines pattern. All experiments are color-coded according to their run pressure: 1-3 GPa in yellow, 4-10 GPa in orange, 10-19
GPa in light red, >19 GPa in dark red. Multilinear regression fits are also displayed at IW-2 in the following conditions: 2 GPa,
10 GPa, and 20 GPa with no S in the metal.
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following conditions: 2 GPa, 10 GPa, and 20 GPa with no S in the metal. LogK being defined as a + b - % +c -; , this figure

displays the effect of pressure and temperature alone on M partitioning between metal and silicate, meaning that the partitioning

is corrected for the effect of S.
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from the central value, due to a different effect of S in the last accreted embryo. b. The estimated Dz of the Earth ranges from
1.3 to 28.9. The reconstructed partitioning for a scenario of full equilibration with compositionally homogeneous accretion is
one order of magnitude higher than the observed value, with a final Dp; of 7624225, and is still significantly higher with a
homogeneous scenario with partial equilibration (final Dpi=129+38). Two scenarios consider an accretion of the volatiles in
the last 10 and 20% of the accretion including a 0.5 wt.% late veneer of CI chondrite-like material and present final Dg; of
44+13 and 52+15 respectively. c. In the case of Sb, the scenario of partial equilibration with homogeneous accretion presents
a higher final partitioning (80%29) than the full equilibration with homogeneous accretion scenario (68+25) because of the
strong negative effect of S which is undermined by a less efficient equilibration. These two scenarios are higher than the
apparent core—mantle Ds» which ranges from 7.2 to 15.9. Three heterogeneous scenarios were modeled with an accretion of
the volatile elements in the last 10, 15 and 20% of the Earth’s formation and yield final partitioning of respectively 4+1, 12+4
and 20%7, the 15% late accretion being the best match to the central observed value. d. The apparent core—mantle D7 value
ranges from 0.6 to 37.8. The homogeneous model with full equilibration yields a final Dz of 9244414, which is too high to
reconcile the experimental data with the observed abundances through this scenario. Using a partial equilibration model allows
to match the observed partitioning with the following final Dr: 8.8+4 for a homogeneous accretion, 3.2+1 for a delivery of



volatiles in the last 15% of Earth’s accretion and 9.3+4 for a delivery in the last 20%. A scenario of accretion of the volatiles
in the last 10% of the Earth’s accretion presents a final Dz within error of the target value (0.520.2).



Table 1: Starting material compositions (wt.%).

Silicate phase Metallic phase
Dopants
Starting material MORB Fe FeS Sn Cu, T1, In, Cd, Bi, Sb
A 70% 30% 2% 1% of each

B 70% 13.5% 16.5% 2% 1% of each



Table 2: Main parameters of all experiments, average major and trace element compositions of metal and silicate phases by
EPMA and LA-ICPMS. Errors correspond to 1 standard deviation O.

Experiment E317 E342 E345 H4735 H4950 H4951 H4952 E396 E397
Starting material A A A B A A B B B
Pressure (GPa) 2 2 2 10 12 14 12 2 2
Temperature (K) 1873 1773 273 275 273 2373 2373 1873 1773
Duration (min) 5 15 1 5 5 2 2 5 15
Pressure media Tale-pyrex Talc-pyrex BaCO; MgO+Cr,03 MgO+Cr05 MgO+Cr,0; MgO+Cr,0; Tale-pyrex Talc-pyrex
Capsule MgO MgO MgO MgO SC MgO SC MgO SC MgO SC MgO MgO

Silicate composition (oxide wt.%)

n 21 18 25 30 13 14 10 13 29
Sio, 40.05 + 0.46 41.14 = 0.26 30.15 + 0.51 37.66 = 0.20 38.57 £ 0.16 37.99 + 0.32 36.54 = 0.54 41.44 £ 1.43 39.79 = 0.19
ALO; 10.66 + 1.12 10.00 + 1.23 8.26 £ 0.15 9.24 £ 0.15 9.10 + 0.25 10.16 + 0.17 8.27 £ 0.13 10.06 + 0.76 12.56 + 0.31
CaO 8.54 £ 0.96 7.94 £ 1.05 7.60 £ 0.15 8.60 £ 0.18 9.22 +0.19 9.26 + 0.23 8.66 + 0.28 7.65 £ 0.70 10.15 + 0.31
MgO 29.35 + 2.56 27.88 +2.97 28.59 + 0.84 34.31 = 0.31 35.71 £ 0.36 34.74 £ 0.42 37.06 = 0.60 24.58 + 1.02 20.12 £ 0.75
FeO 8.26 + 0.25 10.11 + 0.12 11.66 + 0.24 7.09 £ 0.10 5.67 +0.13 5.95 + 0.09 7.41 £ 0.09 10.64 + 0.86 13.39 + 0.10
Na,O 1.85 + 0.22 1.53 £0.21 115 + 0.03 0.78 + 0.02 118 + 0.05 1.22 + 0.04 1.01 £ 0.04 2.06 £ 0.13 1.99 £ 0.05
TiO, 0.71 £ 0.08 0.68 = 0.09 0.46 = 0.01 0.72 = 0.03 0.70 = 0.03 0.73 £ 0.03 0.71 = 0.03 0.69 £ 0.07 0.88 = 0.03
K0 0.20 + 0.02 0.15 + 0.02 0.15 + 0.003 0.16 + 0.01 0.13 + 0.01 0.14 £ 0.01 0.09 % 0.01 0.20 £ 0.02 0.17 + 0.003
P,0s 0.01 £ 0.001 0.02 + 0.002 0.06 + 0.003 0.06 + 0.003 0.01 % 0.000 0.01 £ 0.001 0.07 + 0.003 0.07 + 0.01 0.09 + 0.001
SO, 0.01 £ 0.001 0.01 % 0.001 0.05 £ 0.003 0.12 = 0.01 0.01 = 0.001 0.01 £ 0.001 0.55 = 0.04 0.18 £ 0.02 0.24 = 0.01
SnO 0.07 £ 0.01 0.08 + 0.003
Cdo 0.09 + 0.01 0.11 % 0.003
Bi,O3 0.002 % 0.001 0.001 = 0.000
Sb,05 0.10 + 0.01 0.14 + 0.005
T1,04 0.22 +0.02 0.24 + 0.01
Total 99.99 + 0.31 99.74 + 0.28 88.61 + 0.51 99.30 = 0.17 100.89 + 0.12 100.76 + 0.13 101.30 * 0.26 98.18 + 0.36 100.08 = 0.50
Sn (ppm) 268 + 80 300 + 136 1146 + 226 1008 + 100 222 + 19 188 + 26 2106 + 146

Cd (ppm) 982 + 292 1677 + 736 1774 + 545 2528 + 57 2621 + 80 2458 + 113 1628 + 75

Bi (ppm) 41 43 140 £ 199 299 59 £5 46 £ 6 114 = 54

Sb (ppm) 2+1 11 81 + 81 30 £8 13 £2 10 £ 1 108 + 55

T1 (ppm) 2282 + 651 3600 + 1527 2401 + 708 702 £ 72 1354 £ 141 805 + 90 938 + 88

Metal composition (wt.%)

n 31 27 25 28 14 11 15 12 14

Fe 87.58 + 0.26 86.76 + 0.64 89.51 + 0.16 64.91 + 0.35 80.66 + 0.61 80.73 + 0.72 60.63 + 0.60 62.80 + 1.26 63.33 + 0.55
Sn 3.82 £+ 0.05 3.86 £ 0.03 3.43 £ 0.06 5.29 £ 0.06 5.08 +0.11 4.55 + 0.05 5.21 £0.07 5.33 £ 0.21 5.20 £ 0.13
P 0.08 £ 0.004 0.09 = 0.004 0.001 = 0.000 0.01 % 0.001 0.09 = 0.004 0.11 £ 0.004 0.01 = 0.002 0.02 £ 0.004 0.02 = 0.002
N 0.24 + 0.01 0.24 + 0.01 0.10 £ 0.01 16.15 + 0.14 0.26 + 0.01 0.29 + 0.02 19.98 + 0.26 10.31 + 0.40 11.08 + 0.23
Si 0.02 + 0.002 0.01 + 0.002 0.01 £ 0.001 0.01 % 0.002 0.04 + 0.01 0.02 + 0.004 0.02 + 0.001 0.01 + 0.004 0.03 + 0.03
o 0.01 = 0.01 0.16 = 0.04 N.D. 1.32 £ 0.13 0.19 = 0.03 0.17 £ 0.05 1.41 £0.27 0.42 £ 0.07 0.55 = 0.05
Ti N.D. 0.004 + 0.001 0.003 + 0.001 N.D. 0.01 % 0.002 N.D. N.D. 0.002 + 0.001 0.003 + 0.001
Mg 0.14 £ 0.002 0.14 + 0.002 0.15 + 0.004 0.10 + 0.00 0.13 + 0.004 0.13 + 0.004 0.08 + 0.001 0.09 + 0.01 0.09 + 0.01
Cd 0.26 £ 0.03 0.29 = 0.06 0.03 + 0.01 1.42 £ 0.05 0.82 = 0.07 0.67 £ 0.04 0.66 = 0.05 1.77 £ 0.14 1.80 £ 0.12
Bi 0.15 + 0.03 0.33 + 0.08 0.04 £ 0.01 1.54 £ 0.17 1.38 + 0.09 1.42 £+ 0.07 1.45 £ 0.25 2.08 £ 0.17 2.52 £ 0.25
Sb 2.60 + 0.03 2.71 £ 0.03 3.10 £ 0.07 3.02 £ 0.05 3.54 +0.07 3.37 £ 0.05 1.85 £ 0.02 2.94 £ 0.17 2.82 £ 0.13
Tl 0.05 + 0.01 0.09 = 0.02 0.04 £ 0.01 0.36 = 0.02 1.18 £ 0.09 0.87 £ 0.07 0.08 = 0.04 0.39 £ 0.08 0.69 = 0.11
Total 98.74 + 0.22 99.10 + 0.55 97.71 £ 0.15 98.25 + 0.26 98.08 + 0.50 98.24 + 0.66 97.26 + 0.18 92.68 + 0.49 94.06 + 0.17
Dey 29 +09 2.0 £ 1.0 0.2 £0.1 57 £03 3.8 £0.4 3303 4.2 £ 0.4 21.4 £25 18.8 + 1.3
]ugl("u -0.73 £ 0.14 -0.80 = 0.21 -1.72 £ 0.18 -0.33 £ 0.02 -0.77 £ 0.04 -0.81 + 0.03 -0.41 £ 0.04 0.45 + 0.06 0.49 = 0.03
Dgi 450 + 178 907 + 606 3+4 537 + 170 287 + 29 374 £ 55 131 + 65 1096 + 428 3123 + 1155
]UEKDB‘ 0.86 + 0.17 1.31 £0.29 -1.02 £ 0.63 111 £ 0.14 0.43 + 0.05 0.58 + 0.06 0.56 + 0.22 1.72 £ 0.17 2.32 £ 0.16
Dsp, 13981 = 5108 23454 £ 13100 386 + 386 1004 + 281 3211 = 519 4097 £ 478 175 + 88 35 %4 24 =1
logKDS,, 2.35 £ 0.16 2.73 £0.24 1.08 + 0.43 1.38 £ 0.12 1.48 + 0.07 1.62 + 0.05 0.69 + 0.22 0.23 + 0.06 0.21 + 0.03
Dy 0.3 £0.1 0.3 £0.1 0.2 £0.1 5.1 £0.6 10.7 + 1.4 0.9 £ 1.8 0.9 £0.5 3.7+0.8 59 +09
]ugl("“ -1.17 £ 0.14 -1.08 £ 0.20 -1.28 £ 0.16 0.17 = 0.05 0.35 = 0.06 0.45 + 0.06 -0.55 £ 0.21 0.13 £ 0.10 0.38 = 0.07

AIW -2.39 -2.19 -2.01 -2.17 -2.71 -2.66 -2.07 -1.87 -1.65




Table 2 (continued)

Experiment 71820 zZ1821 71823 71824 71825 71956 71957 71959
Starting material B A A A B A B A
Pressure (GPa) 7 7 14 18 18 20 20 16
Temperature (K) 1979 2023 2573 2473 2473 2573 2573 2473
Duration (min) 10 1 1 4 4 1 1 1
Pressure media MgO+Cr, 04 MgO+Cr,05 MgO+Cr,04 MgO+Cr,04 MgO+Cr,04 MgO+Cr, 04 MgO+Cr,05 MgO+Cr,04
Capsule MgO SC MgO SC MgO SC MgO SC MgO SC MgO SC MgO SC MgO SC
Silicate composition (oxide wt.%)

n 13 19 13 9 22 15 13 15
Si0, 35.29 + 0.90 48.54 + 1.04 39.39 + 0.55 44.82 + 0.35 39.16 + 0.16 39.45 + 0.68 39.90 + 0.34 37.78 + 0.43
ALOs 9.72 £ 1.25 12.07 + 0.58 9.09 £ 0.29 14.12 £ 0.95 8.83 = 0.14 9.32 £ 0.07 8.93 £ 0.07 9.73 £ 0.11
CaO 6.96 £ 0.99 12.33 £ 0.41 9.10 £ 0.45 10.32 £ 0.07 9.69 = 0.10 9.36 + 0.26 9.48 £ 0.21 8.98 £ 0.24
MgO 35.89 + 1.86 15.35 + 0.30 35.61 + 0.91 23.44 + 0.37 30.42 +0.18 33.36 + 0.97 31.53 + 0.51 36.88 + 0.68
FeO 9.98 +0.26 8.45 £ 0.54 599 £0.12 4.86 = 0.45 7.79 = 0.07 6.15 £ 0.14 6.52 £0.11 593 £0.12
Na,O 0.69 = 0.11 1.75 £ 0.14 1.16 £ 0.04 1.00 £ 0.16 1.06 £ 0.03 1.34 £ 0.03 1.26 £ 0.03 111 £ 0.03
TiO, 0.70 £ 0.10 0.78 + 0.08 0.68 + 0.04 0.77 + 0.07 0.82 + 0.03 0.72 + 0.02 0.67 + 0.04 0.73 + 0.02
K,0 0.22 £ 0.03 0.10 = 0.02 0.14 = 0.01 0.11 = 0.02 0.14 = 0.01 0.15 = 0.01 0.12 = 0.005 0.12 = 0.01
P,0s 0.08 = 0.01 0.02 = 0.005 0.01 £ 0.000 0.01 % 0.001 0.09 = 0.02 0.01 £ 0.000 0.04 = 0.002 0.01 £ 0.000
SO, 0.16 + 0.02 0.01 % 0.001 0.01 £ 0.001 0.002 + 0.001 0.11 + 0.01 0.01 £ 0.001 0.27 + 0.01 0.01 £ 0.001
Total 100.10 % 0.60 100.03 + 0.98 101.73 + 0.21 100.22 = 0.21 99.99 + 0.26 100.56 £ 0.18 99.99 + 0.16 101.88 + 0.11
Sn (ppm) 1385 + 65 368 + 151 272 £8 208 £ 20 2497 = 258 259 £ 72 2407 + 415 250 * 34
Cd (ppm) 2119 + 432 3761 + 1037 1966 + 48 3673 + 211 3490 + 250 2991 + 749 2564 + 517 2626 + 50
Bi (ppm) 35+6 126 £ 105 52 %4 50 =12 157 + 46 54 %15 183 = 30 64 £ 16
Sb (ppm) 72 £ 18 19 =8 10 2 S5+1 144 + 80 10 +3 13 £ 19 22 £13
T1 (ppm) 2348 + 119 5875 + 3597 1098 + 291 609 + 66 733 + 449 622 + 184 1133 + 205 841 £ 50
Metal composition (wt.%)

n 10 18 39 33 43 19 16 9

Fe 59.99 + 1.32 87.00 + 0.60 78.02 + 0.50 78.77 + 0.35 63.29 + 0.35 78.26 + 0.82 62.90 + 0.82 76.38 + 5.09
Sn 4.65 = 0.26 4.80 = 0.11 5.58 £ 0.09 4.92 = 0.05 6.35 £ 0.19 4.19 £ 0.31 6.60 £ 0.23 4.24 +0.36
P 0.001 = 0.000 0.17 = 0.04 0.08 £ 0.005 0.06 = 0.005 0.01 = 0.001 0.09 £ 0.01 0.03 = 0.01 0.06 + 0.01
N 17.90 + 0.44 0.32 + 0.05 0.31 £ 0.01 0.23 + 0.01 15.91 + 0.22 0.30 + 0.02 16.73 + 0.69 0.23 + 0.02
Si 0.03 £ 0.001 N.D. 0.05 = 0.01 0.04 = 0.005 0.04 = 0.01 0.23 + 0.06 0.01 = 0.01 0.04 £ 0.01
o 1.97 £ 0.18 0.19 = 0.06 1.25 £ 0.14 0.99 = 0.13 1.55 £ 0.11 0.36 £ 0.07 1.17 £ 0.35 0.38 £ 0.10
Ti N.D. N.D. N.D. N.D. N.D. 0.003 + 0.001 0.00 = 0.00 0.000 % 0.000
Mg 0.09 + 0.003 0.23 + 0.06 0.18 + 0.03 0.13 + 0.01 0.11 + 0.02 0.12 + 0.004 0.41 +0.33 0.12 £ 0.01
Cd 1.82 % 0.28 0.35 = 0.09 0.73 + 0.06 0.87 = 0.05 0.58 = 0.03 1.42 £ 0.15 0.50 = 0.07 2.01 £ 1.32
Bi 1.73 £ 0.15 0.37 £ 0.12 1.66 + 0.09 2.24 £ 0.08 2.44 £ 0.19 2.26 £ 0.17 2.02 £ 0.45 3.47 £ 2.07
Sb 3.01 +£0.21 2.63 £ 0.12 3.28 £ 0.06 3.25 £ 0.03 3.05 +0.08 4.30 £ 0.34 3.47 £0.23 3.29 £ 0.21
Tl 1.04 £ 0.11 0.32 = 0.07 1.82 £ 0.16 1.73 £ 0.09 0.01 % 0.005 2.03 £0.14 0.17 = 0.07 2.26 + 1.53
Total 9.17 = 0.13 99.99 + 0.68 98.15 + 0.28 98.03 = 0.13 98.07 = 0.18 98.48 + 0.32 96.85 + 0.33 98.55 + 0.43
Dey 8.8 £2.2 1.0 £ 0.4 4.5 £ 0.4 2.7 £0.2 1.7 £0.1 5.8+ 1.6 2.0 £0.5 9.7 £6.3
]ugl("u 0.05 = 0.11 -1.14 £ 0.16 -0.65 £ 0.04 -0.96 + 0.05 -0.80 £ 0.04 -0.54 £ 0.12 -0.81 £ 0.11 -0.34 £ 0.29
Dgi 513 £ 96 32+ 380 + 38 507 £ 127 157 + 48 510 * 150 13 £ 32 690 + 447
]C'EKDB\ 1.36 + 0.08 -0.23 + 0.39 0.62 + 0.04 0.63 + 0.12 0.65 + 0.13 0.75 + 0.13 0.39 +0.12 0.85 + 0.28
Dsp, 428 = 109 1497 + 646 3870 = 771 6935 + 1198 213 £ 118 5146 + 1676 312 + 56 1904 + 1142
logKDS,, 1.28 £ 0.11 1.45 £0.19 1.63 = 0.09 1.77 £ 0.09 0.79 = 0.24 1.76 = 0.14 0.83 = 0.08 1.29 £ 0.26
Dn 4.5 £05 0.6 + 0.4 20.0 £ 5.6 32.1 £3.9 0.2 £0.1 39.6 £ 12.1 1.5 +£0.7 33.9 +23.1
]ugKDn 0.21 £ 0.05 -0.81 £ 0.29 0.65 £ 0.12 0.82 = 0.07 -1.28 £ 0.33 0.95 £ 0.13 -0.36 £ 0.20 0.87 £ 0.30
AW -1.80 -2.30 -2.61 -2.76 -2.06 -2.61 -2.22 -2.65




Table 3: Summary of regression parameters calculated for Cd, Bi, Sb and TI using experiments of this study and literature data.

Parameter Cd Bi Sb Tl
a -0.63 £0.21 -7.05 +£1.04 -5.41 +£0.99 2.88 +£0.65
b - 14037+2020 14870+1745 -7010+1 200
C - 308 =40 193 + 61 101 + 28
-7.21 £0.32

s -4.29 +0.27 -4.11 +£1.07 (below 7 GPa)
Em (below 18 GPa) (below 3 GPa) 10.48 £ 0.66 9.79 +1.50
(above 10 GPa)



Table 4: Compilation of apparent partition coefficients inferred from CI and BSE measurements.

MSVE Cd Bi Sb Tl
T50 (K)* 652 746 979 532
T50 (K)® 502 480 890 365

BSE 64¢ 5¢ 12¢ 3.5¢
+ 19 2.5 4 1.4
CI 675° 110 152% 143¢#
+ 6 3 9 2
Core/BSE* 7.1 17.2 11.8 19.2
+ 4.4 11.7 4.1 18.6
Lithophile
reference Fad Fad Na®d If
element
Core/BSE® 2.6 7.6 11.1 19.2
+ 2.6 6.4 3.9 18.6
Lithophile
reference CIf CIf K4 If
element
Core/BSE¢ 8.6 15 - 14
Range 0-11.5 1.2-28.9 7.2-15.9 0.6-37.8

4 odders (2003); "Wood et al. (2019); ‘Braukmiiller et al. (2019); “Palme and
O'Neill (2003); “McDonough and Sun (1995); {Clay et al. (2017)





