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Tracing Earth's Volatile Delivery With Tin
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, I. Blanchard?, A. Agranier*, S. Shcheka?, and

"Université de Paris, Institut de Physique du Globe de Paris, CNRS, Paris, France, “Institut Universitaire de France,
Paris, France, *Bayerisches Geoinstitut, University of Bayreuth, Bayreuth, Germany, “Institut Universitaire Européen de
la Mer, University of Brest, Plouzané, France

Abstract Earth's accretion history for volatile elements, and the origin of their depletions with respect
to the Sun and primitive meteorites, continue to be debated. Two end-member scenarios propose either
that volatile elements were delivered during the main phases of accretion and differentiation, or that

the Earth accreted from materials largely devoid of volatiles with late addition of volatile-rich materials.
Experiments evaluating the effect of metal-silicate equilibrium on elemental and isotopic distribution of
volatile and siderophile elements such as Sn can help to distinguish between these scenarios. In this study,
we have systematically investigated the relative influence of temperature, pressure, oxygen fugacity, and
metal and silicate composition on the metal-silicate partioning behavior of Sn, from 2 to 20 GPa and 1,700
to 2,573 K, indicating that Sn siderophility noticeably decreases with temperature and S content of the
metal but increases dramatically with pressure. A resolvable isotopic fractionation factor between metal
and silicate suggests that core-mantle equilibrium temperatures (~3,000 K) could potentially generate

a Sn isotopic composition of the mantle lighter than the core by 150-200 ppm/amu. Core formation
modeling shows that the volatiles were added during the last 10% of the accretion history. A final core
containing 2.5 to 3.5 wt.% S is required. Furthermore, modeling of the BSE isotopic composition argues
for a late Sn delivery on Earth with carbonaceous chondrite-like material as the most likely source

of volatiles. Therefore, both elemental and isotopic approaches converge toward an identical volatile
accretion scenario, involving a late volatile delivery.

Plain Language Summary The timing of delivery of volatile elements—elements requiring
low temperatures to be present at condensed states—has extensive implications regarding fundamental
questions in Earth and life sciences, such as when a planet becomes habitable. Volatile elements can be
siderophile (iron-loving), meaning that they have an affinity for the core. The differentiation of the Earth
into a core and a mantle redistributed these elements between both reservoirs. We quantified the affinity
of Sn for the core relative to the mantle by equilibrating a silicate with a metal, behaving as anologues

of the mantle and core respectively. Expected mantle abundances were computed for different accretion
scenarios, including a volatile delivery (a) during the entirety of Earth's accretion, (b) during the last steps
of the accretion, and (c) after core formation ceased. Our experiments suggest that core formation may
induce preferential segregation of lighter Sn isotopes in the mantle with respect to the core. Results for Sn
elemental and isotopic behavior during differentiation both converge to a volatile delivery during the last
10% of accretion. Tin isotopes can be used to discriminate between several precursors and we find that
carbonaceous chondrites—a type of primitive meteorites—are the most likely source of Earth's volatile
elements.

1. Introduction

The habitability of Earth depends intrinsically on the presence of volatile elements, and therefore the tim-
ing and origin of volatile elements delivery to Earth is a key question, yet to be answered. Volatile elements
are depleted in terrestrial planets compared to the Sun's photosphere with degree of depletion general-
ly increasing with decreasing condensation temperature (Palme & O'Neill, 2013). The two most extreme
mechanisms that could explain this depletion are (a) a loss of volatile elements by syn- and post-accretion
volatilization processes, or (b) a depletion of volatile elements within the accreted material that formed the
terrestrial planets due to incomplete condensation in the solar nebula (Albarede, 2009).
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Alack of K (Bloom et al., 2020; Humayun & Clayton, 1995; Tuller-Ross et al., 2019; Wang & Jacobsen, 2016),
Rb (Nebel et al., 2011; Pringle & Moynier, 2017) and Zn (Luck et al., 2005; Pringle et al., 2017; Sossi
et al., 2017) heavy isotope enrichment in the Earth's mantle compared to primitive meteorites has been
used as evidence for the absence of volatile loss by evaporation during Earth's formation. Furthermore, the
Mn/Na ratio, which is a tracer of post-nebular volatilization, is roughly chondritic in the Earth, suggesting
limited volatile loss during or after Earth's accretion (O'Neill & Palme, 2008; Siebert et al., 2018). However,
it should be noted that small isotopic fractionations observed for Mg (Hin et al., 2017) and Si (e.g., Pringle
et al., 2014; Young et al., 2019) have been used as argument that volatilization may play a role in establishing
the composition of the Earth. The same is not true for the Moon and some other differentiated terrestrial
bodies, which are markedly enriched in the heavy isotopes of numerous elements (Boyce et al., 2015; Kato
et al., 2015; Nie & Dauphas, 2019; Pringle et al., 2014; Pringle & Moynier, 2017; Sharp et al., 2010; Wang
et al., 2019; Wang & Jacobsen, 2016), or light isotopes for certain elements (e.g., Cr, Sn; Sossi et al., 2018;
Wang et al., 2019), lending creedence to the widely held view that volatilization during Moon formation and
evolution resulted in isotopic fractionation. This study focuses on the accretion of volatile elements during
Earth's formation, the nature of its building blocks, and subsequent core-mantle differentiation. Several
accretion scenarios could produce the observed volatile elements pattern of the Earth:

1. The Earth formed from material largely devoid of volatile elements, a.k.a. “dry accretion.” This scenario
is supported by the fact that the solar system temperature during the main phases of Earth's accretion
may be too high to allow the condensation of those elements (Albarede, 2009). In this case, the volatiles
are brought after the planet's differentiation ceased around 100 million years after the solar system for-
mation, as the so-called late veneer (Albaréde et al., 2013; O'Neill, 1991; Wang & Becker, 2013).

2. In asecond possible scenario, the Earth is accreted from material partially depleted in volatile elements,
such as chondrites or their components (e.g., chondrules). The subsequent differentiation redistributes
the elements according to their siderophile behavior between core and mantle (Righter et al., 2017; Wood
& Halliday, 2010) or are lost by evaporation (Hin et al., 2017; Norris & Wood, 2017; Pringle et al., 2014).
In this case, volatiles are mostly brought during the main phases of the planet's accretion.

3. A third and intermediate scenario consists of the heterogeneous accretion of the planet, where the vol-
atile elements are mainly brought during the last phases of accretion and differentiation. It has been
recently proposed that volatile elements on Earth come from 10 to 15 wt.% of CI-like material brought in
the later part of the main phases of Earth's accretion (Braukmiiller et al., 2019; Budde et al., 2019; Hopp
et al., 2020; Kubik et al., 2021; Mahan, Siebert, Blanchard, Badro, et al., 2018, Mahan, Siebert, Blanchard,
Borensztajn, et al., 2018). Volatiles are accreted rapidly and late, possibly associated with the formation
of the so-called Hadean matte (O'Neill, 1991; Savage et al., 2015; Schonbachler et al., 2010), a sulfur- and
volatile-rich liquid that settles at the core-mantle boundary and subsequently mixes into the core.

The study of the partitioning and isotopic behavior of elements that are both volatile and siderophile can
help discriminate between these three scenarios by isolating the effect of siderophile processes, such as the
Earth's differentiation, from the effect of volatile processes.

Moderately siderophile and volatile elements (MSVEs) are depleted in the Earth's mantle compared to litho-
phile volatile elements, presumably due to their segregation into the core, and as a consequence they do not
follow the canonical volatility trend pattern (Lodders, 2003; Wasson et al., 1988; Wood et al., 2019). A way to
infer the effect of differentiation on the observed volatile depletion is to experimentally study the behavior of
MSVEs during such processes (e.g., Ballhaus et al., 2017; Blanchard et al., 2015; Corgne et al., 2008; Kubik
et al., 2021; Mahan et al., 2017; Mahan, Siebert, Blanchard, Badro, et al., 2018; Mahan, Siebert, Blanchard, Bo-
rensztajn, et al., 2018; Righter et al., 2017; Siebert et al., 2011; Steenstra et al., 2016; 2017; 2019; Suer et al., 2017).
The behavior of MSVE:s at core formation conditions in controlled experiments, and their comparison to ge-
ochemical observables, helps to deconvolve the effects of differentiation and volatile-related processes from
one another. Two different approaches—elemental, and isotopic—can be used to investigate such behavior.

The elemental behavior of the MSVEs can be experimentally characterized at metal-silicate equilibrium,
wherein metal-silicate partition coefficients are measured to express the MSVE fractionation between the
metal and silicate phases. Comprehensive parameterization of metal-silicate partitioning constrains the
effect of temperature, pressure, fO,, metal and silicate composition (including the influence of capsule ma-
terial) (Siebert et al., 2011).
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Numerous recent studies investigated the metal-silicate isotopic fractionation of elements (e.g., Bourdon
et al., 2018; Burkhardt et al., 2014; Creech, Baker, et al., 2017; Hin et al., 2014; Mahan et al., 2017; Savage
et al., 2015; Shahar et al., 2015). In such studies, experimental metal-silicate fractionations of a given ele-
ment are often compared to the isotopic composition of the bulk silicate Earth (BSE) and primitive meteor-
ites to assess whether the siderophile element signature in the Earth's mantle can be explained by the accre-
tion and differentiation of primitive material from the solar system. Measurements of isotopic fractionation
provide a second and independent constraint on the timing and origin of the volatile accretion relative to
the Earth's differentiation, and likewise comparison to the BSE and primitive meteorites provides insights
into dominant redistribution processes and source materials.

Combining elemental and isotopic observations from experiments is thus a particularly robust approach,
where parameterisations of elemental and isotopic fractionations between metal and silicate can be used
as input in core formation models. In such models, the partitioning and isotopic fractionation can be re-
constructed at each step of the Earth's accretion, taking into account the evolving pressure and temper-
ature conditions, allowing to test different accretion scenarios and address questions regarding the for-
mation and differentiation of terrestrial planets (e.g., Blanchard et al., 2015; Bourdon et al., 2018; Kubik
et al., 2021; Rubie et al., 2011; Rudge et al., 2010; Wade & Wood, 2005). In particular, this approach has
allowed to determine the pressure, temperature and oxygen fugacity conditions of core formation (e.g.,
Wade & Wood, 2005). The results of those models can then be compared to natural observations and used
to discriminate between accretion scenarios.

In this study we have comprehensively characterized Sn partitioning and isotopic fractionation at metal-
silicate equilibrium. Tin is a moderately siderophile and moderately volatile element with a condensation
temperature of 704 K (Lodders, 2003) recently reappraised to 604 K according to Wood et al. (2019). As such,
Sn abundance in the Earth's mantle is affected by both core-mantle differentiation and by volatile process-
es, which makes it a good tracer of volatile accretion. Tin's depletion in Earth's primitive mantle by a factor
of five (relative to the canonical volatility trend) is very small compared to the depletion expected from its
siderophile behavior at low pressure and low temperature. For example, Sn's metal-silicate partitioning at
low P, T conditions is very close to that of S, however Sn is less depleted in the Earth's mantle than S by a
factor of 20 (Palme & O'Neill, 2013; Wood et al., 2006). By characterizing Sn partitioning at the conditions
of Earth's accretion, it is possible to constrain possible accretion pathways that can lead to this perceived
overabundance. This study is focused on Sn and expands the conditions of investigation of Sn metal-sili-
cate partitioning behavior, in particular by applying higher pressures than most previous studies (Ballhaus
et al., 2013, 2017; Capobianco et al., 1999; Righter et al., 2010, 2017, 2019; Righter & Drake, 2000; Vogel
et al., 2018). By focusing explicitly on Sn and its partitioning at higher P, T conditions than previously ex-
plored, we provide comprehensive constraints on its partitioning as a function of thermodynamic variables.
Novel partitioning results from 30 metal-silicate experiments have been combined with literature data for
parameterization of Sn partitioning at P, T conditions that encompass those during Earth's core-mantle dif-
ferentiation, and this has been input into models of Sn partitioning at plausible core formation conditions.

Tin has 10 stable isotopes with masses ranging from 112 to 124. The most abundant are 2°Sn (32.6%),
118Sn (24.2%) and ''5Sn (14.5%). The observation of Sn isotopic fractionation during igneous processes (Ba-
dullovich et al., 2017; Wang et al., 2018) is a good indicator that it might also fractionate between molten
metal and silicate. For now, no data exist on Sn isotopic fractionation in this context. Recent study by
Creech and Moynier (2019) report Sn isotopic compositions for a selection of ordinary, enstatite and car-
bonaceous chondrites. These three chondrite types show distinct Sn isotopic compositions, with average
§122/1188n (permil variation of the '22Sn/"3Sn ratio relative to the IPGP_Sn standard) of —0.29 = 0.44%.,
0.12 £ 0.28%o, and 0.47 + 0.12%o, respectively. Furthermore, an overlap between the carbonaceous chon-
drites measurements and the BSE, which has a §'?%118Sn equal to 0.49 + 0.11%. (Badullovich et al., 2017),
is observed. Therefore, comparing the isotopic fractionation of Sn as a consequence of metal-silicate differ-
entiation to the Sn isotopic composition of chondrites may help discriminate between possible source ma-
terials for Earth's volatiles. Moreover, it has recently been shown that the silicate Moon is enriched in the
lighter isotopes of Sn compared to the silicate Earth as a result of volatility processes (Wang et al., 2019).
As it has been suggested that most of the missing lunar Sn may alternatively be stored in its core (Steenstra
et al., 2016), it is important to test whether part of the light isotope enrichment of the lunar mantle may
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Table 1 reflect metal-silicate fractionation. It should be noted that Sn fraction-
Starting Materials Compositions (wt.%) ation during volatilization processes has been evidenced both from low
Silicate phase Metallic phase temperature experimental study (She et al., 2019) and natural sample
measurements (Creech et al., 2019).
Starting Tl, In, Cd,
material MORB KLB1 Sn Fe FeS Cu Bi, Sb
N 0% 5% 2% 2. Experimental and Analytical Methods
B 70% 4%  26% 2.1. Starting Materials
C 70% 4%  13%  13% Seven mixtures composed of homogenised metallic and silicate powders
D 70% 4%  25% 1% were used to conduct the 30 high-pressure and high-temperature experi-
E 0% 4%  25% 1% ments of this study (Table 1). The different compositions of the metallic and
F 70% 2% 30% 1% 1% of each silicate phases were used to experimentally assess their effect on partition-
ing and isotopic fractionation. The material was Sn doped from 2 to 8 wt.%
G 70% 2% 13.5% 16.5% 1% 1% of each

using Putratronic pure 99.8% powder to ensure sufficient Sn concentration

in the silicate for electron microprobe measurement. Three additional ex-
periments were doped with 2, 5, and 10 wt.% of Si in order to investigate
the effect of Si on Sn partitioning and widen the range of fO, of this study.

2.2. Piston Cylinder Experiments

Eighteen experiments were performed using a 150 ton end-loaded piston cylinder apparatus at the Insti-
tut de Physique du Globe de Paris (IPGP). All piston cylinder experiments conducted in this study were
performed at 2 GPa and from 1696 to 2296 K. Those conditions allowed the fusion of the material and the
equilibrium between metal and silicate. Two capsule materials were tested, boron nitride and magnesium
oxide, in order to study the interaction processes that could occur during the experiment. The metal and sil-
icate were separated and sufficient material from each phase was prepared for both elemental and isotopic
analysis. Clean pieces were carefully selected mechanically under magnifying glass.

2.3. Multianvil Experiments

Twelve experiments were performed at Bayerisches Geoinstitut using a 5,000 ton Zwick and a 1,000 ton
Hymag multianvil apparatus from 7 to 20 GPa. The starting material was contained in a single-crystal MgO
capsule and lid. During the experiment, the sample temperature was monitored using a W Re,/W. Re,.
type D thermocouple. All experimental parameters are summarized in Table 2. More details about the ex-
perimental protocol, parameters that were used and the calibration of the instruments can be found in the
Supporting Information S1.

2.4. Electron Microprobe Analysis

Pieces of metal and silicate from each experiment were selected, mounted in a resin and polished. Those
pieces were then carbon coated and analyzed with the CAMPARIS laboratory CAMECA SX Five electron
microprobe (Université Pierre et Marie Curie) in order to resolve a selection of major and trace elements
in both metal and silicate phases (Table 2). To avoid any effect of the quenched textures obtained in the
experiments on the microprobe analysis, especially in the metal parts, rasters of 30 um were used instead
of points. No zonations were found across the sample in each experiment, which proves that elemental
equilibrium was achieved. Analysis parameters as well as the nature of the standards are described in the
Supporting Information S1.

2.5. Laser-Ablation ICPMS Measurements

In the higher pressure experiments, depletion of Sn in the silicate part of the samples resulted in concentra-
tions below detection limits of EPMA analysis. LA-ICPMS measurements were performed at the University
of Brest in order to obtain Sn concentrations in the silicate phases of multianvil experiments. Ablation was
conducted using a 193 nm Compex Pro 102 Coherent Laser Ablation System coupled to an Element XR
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Table 2
Main Parameters of All Experiments, Average Major and Trace Element Compositions of Metal and Silicate Phases by EPMA and LA-ICPMS and Isotopic
Compositions by MC-ICPMS
Experiment E257 E258 E259 E260 E265 E267 E268 E272 E273
Starting material A C C A C A B B B
Pressure (GPa) 2 2 2 2 2 2 2 2 2
Temperature (K) 1,696 1,696 1,796 1,796 2,296 2,296 1,823 2,296 2,100
Duration (min) 30 30 15 15 1.5 3 15 2 5
Pressure media Talc-pyrex Talc-pyrex Talc-pyrex Talc-pyrex BaCoO, BaCoO, Talc-pyrex BaCoO, BaCoO,
Capsule BN BN BN BN BN BN BN MgO MgO
Silicate composition (oxide wt.%)
n 40 30 25 24 19 6 26 67 71
Sio, 5136 £0.42 4996 +0.32 50.14+0.26 51.74+0.55 4558 £1.42 46.23 £0.43 52.06 £0.69 34.54 +0.33 33.79+0.24
AlLO, 15.87 +0.13 1548 +£0.04 1547 +0.06 16.05+ 0.09 14.28 £0.30 14.24 £0.21 16.12+0.26 849 +0.44 11.50 £0.32
CaO 10.21 =+ 0.13 9.97 £ 0.08 9.93+0.04 10.43+0.11 9.36 +0.11 9.20 £ 0.10 9.09 + 0.99 5.69+0.36 856 +0.45
MgO 8.37 £ 0.05 8.14 + 0.02 8.05 + 0.05 8.58 + 0.03 7.21+£0.13 7.03 +0.11 8.15+0.08 41.81+0.87 32.94+1.09
FeO 3.99 +0.18 491 +£0.14 4.73 £ 0.29 3.59 +£0.18 4.20 £ 1.14 5.03 +0.10 3.50 + 0.28 576 £0.16 7.61 £0.21
B,O, 3.84 +£0.25 5.56 +0.11 5.60 = 0.14 3.20 £ 0.16 12.99 +£4.39 10.89 + 1.69 3.08 + 0.52 0.09 £0.02 0.02+0.01
Na,0 2.94 + 0.04 2.75+0.03 2.90 + 0.03 3.34 +0.02 2.80 + 0.95 2.81 + 0.08 3.47 + 0.06 1.77 £0.17  2.86 £ 0.20
TiO, 1.76 = 0.04 1.72 £ 0.02 1.70 = 0.02 1.78 = 0.02 1.48 £ 0.05 1.45 £+ 0.06 1.74 £ 0.05 0.98 £ 0.06 1.36 = 0.06
K,0 0.68 + 0.01 0.66 £ 0.01 0.67 £ 0.01 0.72 £ 0.01 0.65 £+ 0.10 0.67 £ 0.02 0.66 £ 0.07 0.42 £0.04 0.65 =+ 0.04
PO, 0.13 £ 0.01 0.13 £ 0.01 0.13 £0.003 0.14 £ 0.01 0.05+0.048 0.11 £ 0.01 0.14 £ 0.02 0.13 £ 0.01 0.20 + 0.01
SnO, 0.08 + 0.02 0.06 £ 0.02 0.06 £ 0.02 0.10 + 0.01 0.08 £ 0.03 0.36 £+ 0.01 0.03 £ 0.01 0.10 £ 0.01 0.20 + 0.01
SO, 0.01 £0.003  0.04 £ 0.01 0.06 £+ 0.03 0.01 + 0.002 0.17 £ 0.08 0.03 £0.004 0.01 £0.003 0.04 £0.002 0.04 +0.002
N 0.57 £ 0.89 0.91 £ 0.33 N.D. N.D. N.D.
Total 99.23 £0.74 99.38+£0.25 99.43+£0.32 99.67 £ 0.55 99.41 £4.76 98.96 +£1.60 98.05+1.68 99.82+0.08 99.74 £+ 0.08
Metal composition (wt.%)
n 23 31 27 29 22 23 21 31 33
Fe 72.31 £0.19 69.76 £ 0.12  69.69 +£0.09 72.40+0.22 72.10+0.28 73.11 £0.17 8547 £0.19 85.01=+0.26 85.56+0.18
Sn 23.12+£0.17 10.99 +£0.10 10.45+0.11 23.12+0.23 9.16 £ 0.33 21.87+0.14 11.37+0.14 12.33+0.18 12.14+0.15
P 0.23 £ 0.01 0.15 £ 0.00 0.16 £ 0.01 0.24 + 0.00 0.24 £ 0.01 0.29 £ 0.02 0.25 £ 0.01 0.15 £ 0.01 0.12 £ 0.00
0.22 £ 0.01 16.12+0.14 1546 = 0.12 0.24 + 0.01 14.48 £ 0.32 0.26 £ 0.03 0.24 £ 0.02 0.23 £0.02 0.23 +0.02
Si 0.03 + 0.01 0.01 £0.001 0.01 £0.001 0.04 +0.01 0.01 £0.001 0.10 £ 0.05 0.09 £ 0.00 0.03 £+ 0.01 0.01 + 0.001
0.82 £ 0.50 0.02 £ 0.01 N.D. 0.65+0.06 0.45=+0.03
B 0.01 +0.01 N.D. 0.04 £ 0.01 N.D. N.D.
0.08 £ 0.07 0.31 +0.03 N.D. N.D. N.D.
Ti 0.004 £ 0.001 0.01 +0.00 0.01 £ 0.00 0.01 £ 0.002 0.005 * 0.001
Mg 0.07 £ 0.004 0.07 = 0.001
Total 95.65+0.07 96.86 £0.06 95.74 £0.08 96.00 + 0.08 96.39 £0.27 95.80+0.08 97.33+0.10 98.28+0.10 98.40 £+ 0.06
Dg, 394+ 79 211 £ 53 209 + 86 328 +£21 128 + 44 86+3 411 + 128 182 £ 15 91+6
logKSDn 1.14 + 0.09 1.06 £ 0.11 1.03 £ 0.18 1.01 + 0.04 0.74 £ 0.19 0.56 + 0.02 1.07 £ 0.14 0.90 £ 0.04 0.73 £ 0.03
AIW —-2.92 —-2.53 —2.58 -3.01 —2.73 —-2.75 -3.09 —-2.73 —2.47
nbolt 0.86 1.02 1.02 0.82 1.67 1.49 0.75 3.11 2.53
Metal and silicate isotopic compositions (%o)
§l221 lssnsilicmc —0.18 £ 0.01 —0.38 £0.03 —-0.21+0.01 —0.26 +0.01 0.06 + 0.01 0.09 £ 0.01 0.10 £ 0.02 0.12 + 0.01
512211 lxsnmml 0.26 + 0.02 0.35 £ 0.06 0.18 £ 0.01 0.16 £ 0.02 0.29 £ 0.03 0.20 £ 0.03 0.30 £0.04 0.34+0.04
Am”“‘snmaﬂ“ 0.43 £ 0.02 0.73 £ 0.09 0.38 £ 0.02 0.43 £ 0.03 0.23 £ 0.04 0.10 £+ 0.04 0.21 £0.06  0.22 +0.05
KUBIK ET AL. 5of 22
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Table 2
Continued
Experiment E290 E291 E292 E294 E295 E296
Starting material C D B D E E
Pressure (GPa) 2 2 2 2 2 2
Temperature (K) 1,873 2,200 1,950 2,025 2,200 2,293
Duration (min) 10 3 10 8 3 2
Pressure media Talc-pyrex BaCoO, BaCoO, BaCoO, BaCoO, BaCoO,
Capsule BN BN BN BN BN BN
Silicate composition (oxide wt.%)
n 40 30 25 24 19 6
Sio, 49.62 + 0.47 48.67 £1.19 49.35 £+ 0.86 48.81 £+ 0.54 45.34 + 0.30 43.70 £+ 0.67
AlLO, 15.68 = 0.16 14.59 + 0.42 14.69 = 0.31 14.63 = 0.15 5.29+0.10 549 +0.13
CaO 9.80 + 0.09 11.89 + 0.28 11.99 + 0.12 11.99 + 0.11 4.05 £ 0.03 3.96 + 0.07
MgO 8.11 £0.11 8.09 £ 0.26 8.26 £ 0.09 8.15 £ 0.10 34.68 £ 0.29 34.64 + 0.37
FeO 4.70 £ 0.25 5.15+0.19 4.37 £0.43 3.79 £ 0.14 3.00 + 0.15 3.12+0.20
B,O, 3.84 +£0.25 5.56 +0.11 5.60 = 0.14 3.20+0.16 12.99 + 4.39 10.89 + 1.69
Na,O 3.19 + 0.41 2.18 £ 0.08 2.18 £ 0.06 2.18 +£0.12 0.42 £ 0.06 0.41 + 0.04
TiO, 1.74 = 0.09 0.97 £ 0.08 1.03 + 0.08 0.97 £ 0.07 0.17 £ 0.03 0.17 £ 0.06
K,0 0.61 + 0.03 0.17 £ 0.01 0.17 £ 0.01 0.17 £ 0.02 0.03 £ 0.01 0.04 £+ 0.01
PO, 0.11 + 0.03 0.15 + 0.03 0.13 + 0.04 0.11 + 0.04 0.03 £ 0.03 0.02 £ 0.02
SnO, 0.06 + 0.02 0.08 + 0.01 0.05 + 0.01 0.06 + 0.01 0.03 £ 0.01 0.04 £+ 0.01
SO, 0.08 + 0.03 0.03 £ 0.02 0.02 + 0.02 0.02 + 0.01 0.01 +0.01 0.01 +0.01
N,0O 1.05 £ 0.35 2.10 £ 0.85 0.75 £ 0.52 1.55 + 0.30 3.41 +0.62 3.50 + 1.08
CuO 0.07 £ 0.01 0.04 +0.01 0.07 = 0.01 0.07 = 0.01
Total 98.05 £ 1.59 97.91 + 1.68 95.34 £ 2.17 96.06 + 1.43 106.53 £ 2.27 104.77 £ 1.45
Metal composition (wt.%)
n 15 12 13 16 15 16
Fe 70.67 = 0.15 81.00 + 0.66 84.60 + 0.51 81.76 + 0.48 80.10 + 0.63 80.71 £ 0.41
Sn 10.36 + 0.14 11.71 £ 0.48 11.68 £ 0.39 10.30 + 0.51 9.18 £ 0.41 9.57 +0.32
P 0.14 + 0.01 0.13 £ 0.01 0.12 £ 0.01 0.13 £ 0.01 0.01 £ 0.003 0.01 £ 0.002
17.19 £ 0.21 0.36 = 0.07 0.32 + 0.04 0.36 = 0.05 0.01 £ 0.002 0.01 £ 0.003
Si 0.02 + 0.003 0.40 £ 0.02 0.25 +0.02 0.38 £ 0.06 0.54 £ 0.12 0.39 £ 0.13
(0] 0.52 +0.05 0.21 +0.02 0.14 £ 0.02 0.06 £ 0.01 0.12 + 0.02 0.08 £ 0.01
Ti 0.03 + 0.01 0.01 £ 0.002 0.01 £ 0.002 0.01 £ 0.004 0.01 + 0.002 0.01 £ 0.002
Mg 0.01 + 0.003 0.01 £ 0.003 0.01 £ 0.004 0.03 £+ 0.01 0.01 + 0.003 0.01 £ 0.003
Cu 0.045 + 0.011 4.28 +£0.21 0.05 + 0.01 2.29 £ 0.09 4.02 £ 0.20 3.55 +0.08
Total 98.95 £ 0.11 98.11 £ 0.10 97.17 £ 0.17 96.17 £ 0.58 93.98 £ 0.12 94.30 £ 0.11
Dg, 183 £ 56 192 + 26 299 + 39 215+ 33 470 £+ 80 414+ 73
10gKSDn 0.99 + 0.13 0.92 + 0.06 1.04 = 0.07 0.84 + 0.07 0.98 £ 0.11 0.93 £+ 0.08
ATW —2.54 —2.72 —2.86 —2.99 —3.38 —3.38
nbolt 0.85 0.98 0.85 0.93 3.16 3.53
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Table 2
Continued
Experiment E317 E342 E345 HA4735 H4950 HA4951 HA4952 E396 E397
Starting material F F F G F F G G G
Pressure (GPa) 2 2 2 10 12 14 12 2 2
Temperature (K) 1,873 1,773 2,273 25278 23208 2,373 2,373 1,873 1,773
Duration (min) 5 15 1 5 5 2 2 5 15
Pressure media Talc-pyrex Talc-pyrex BaCo, MgO+Cr,0, MgO+Cr,0, MgO+Cr,0, MgO+Cr,0,  Talc-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 4144 +£1.43 39.79 £ 0.19
AlLO, 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+297 28.59+0.84 3431+0.31 3571+0.36 34.74+042 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 1.15+0.03 0.78 £ 0.02 1.18 = 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
K,0 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
PO, 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 £ 0.006 0.09 £ 0.001
SO, 0.01 £0.001 0.01 £0.001 0.05+0.003 0.12+0.01 0.008 +£0.001 0.01 +£0.001 0.55=* 0.04 0.18 £+ 0.02 0.24 + 0.01
SnO 0.07 £ 0.006 0.08 £+ 0.003
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 1,146 =226 10,08 £+ 100 222 +19 188 + 26 2,106 + 146
Metal composition (wt.%)
n 23 31 27 29 22 23 21 31 33
Fe 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 0.010 £ 0.002 0.02 £ 0.004 0.02 £ 0.002
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
(0] 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. 0.008 £ 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 £ 0.007 0.09 £ 0.006
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
Dg, 159 + 47 147 £ 67 30+ 6 53+5 279 £ 24 292 +41 25+2 98 + 10 83+4
logKlS)n 1.01 £0.13 1.07 £ 0.20 0.48 £ 0.09 0.64 £+ 0.04 1.09 £+ 0.04 1.14 + 0.06 0.3+0.03 1.06 = 0.06 1.09 £ 0.02
AIW —2.39 —2.19 —2.01 —2.17 =27/ —2.66 —-2.07 —1.87 —1.65
nbolt 2.88 2.76 3.64 3.24 3.27 3.23 3.60 2.63 2.60
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Table 2
Continued
Experiment 71820 71821 71823 71824 71825 71956 71957 71959
Starting material G F F F G F G F
Pressure (GPa) 7 7 14 18 18 20 20 16
Temperature (K) 1,979 2,023 2,573 2,473 2,473 2,573 2,573 2,473
Duration (min) 10 1 1 4 4 1 1 1
Pressure media MgO+Cr,0, MgO+Cr,0, MgO+Cr,0, MgO+Cr,0, MgO+Cr,0, MgO+Cr,0, MgO+Cr,0, MgO+Cr,0O,
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
Sio, 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
AlLO, 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 5.99 +£0.12 4.86 + 0.45 7.79 £ 0.07 6.15 +0.14 6.52 +£0.11 593 +0.12
Na,0 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 1.11 £ 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
PO, 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 0.005 + 0.001 0.006 + 0.001 0.002 + 0.001 0.11 + 0.01 0.01 £+ 0.001 0.27 £ 0.01 0.008 £ 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) 1,385 + 65 368 + 151 272+ 8 208 £+ 20 2497 + 258 259 £ 72 2,407 £ 415 250 + 34
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

17.90 £+ 0.44 0.32 + 0.05 0.31 £ 0.01 0.23 £+ 0.006 1591 £ 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 + 0.006
(6} 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 N.D. N.D.
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
Total 98.17 £ 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
Dg, 34+3 142 + 58 247 £ 9 268 £+ 25 26+3 197 + 56 28+5 214 + 34
lOngDn 0.64 + 0.04 1.00 +£0.18 1.09 + 0.02 1.05 + 0.06 0.38 + 0.05 0.99 + 0.13 0.34 + 0.08 1.01 + 0.08
AIW —1.80 —2.30 —2.61 —2.76 —2.06 —2.61 —2.22 —2.65
nbolt 3.51 1.94 3.22 2.24 3.07 3.11 3.03 3.37

Note. Errors correspond to one standard deviation o.

high-resolution mass spectrometer. Data accuracy is ensured via internal calibrations, using Mg concen-
trations previously measured by EPMA, and by standard interpolations using glass standards NIST610,
NIST612, and NIST614 (see Supporting Information S1).

2.6. Sample Preparation and Dissolution

Metallic and silicate phases stemming from piston cylinder experiments were separated mechanically and
crushed. The eventual metallic pieces contaminating the silicate were removed magnetically. Crushed sili-
cates were digested in a 1:3 solution of HF:HNO,. Metals were dissolved in 6 N HCI. The samples in closed
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Figure 1. Back-scattered electron images from typical multianvil and piston cylinder run products. (a) Image of H4950
multianvil experiment (12 GPa, 2,273K). The average composition of both phases are measured with 30 um rasters on
the electron microprobe, and a 90 um beam size for laser ablation in order to homogenize quench textures in the metal
and in the silicate that correspond to local chemical heterogeneities. (b) Image of metal phase (piston cylinder, 2 GPa,
1,797 K) showing dendritic quench texture. (c) Image of silicate phase of run 268 (piston cylinder, 2 GPa, 1,823 K) typical
of low temperature, boron nitride encapsulated runs showing clean glass with a few ~1 pm metal nuggets. (d) Image of
silicate phase of run 272 (piston cylinder, 2 GPa, 2,296 K) showing typical quench textures for high temperature MgO-
encapsulated experiments with dendritic olivine crystals and interstitial pyroxenite glass (brighter gray).

Teflon beakers were heated on a hotplate at 100°C. Samples were double-spiked using the method described
in Creech, Moynier, and Badullovich (2017) by addition of a '”Sn-122Sn double-spike solution in the sample
beaker with the prospect of producing proportions of 39.77% double-spike Sn and 60.23% from the sample.

2.7. Chemical Purification of Sn

Tin was separated from the rest of the sample prior to isotopic analysis to avoid interferences using the
ion exchange chromatography technique described in Creech, Moynier, and Badullovich (2017). Biorad
columns containing 1 mL of Eichrom TRU resin were used. Tin cuts were then recovered in 10 mL of 0.5 N
HNO.,. This chemical process is executed in order to recover a Sn cut containing about 1 ug of Sn. Each Sn
cut was then dried and redissolved into 0.5 N HCI for a concentration of ca. 100 ng mL~! for mass spectrom-
eter analysis. The protocol is described in detail in the Supporting Information S1.

2.8. Mass Spectrometry and Data Reduction

Tin isotope measurements were performed using a Neptune Plus MC-ICP-MS (IPGP, Paris) following the meth-
od described in Creech, Moynier, and Badullovich (2017). Samples were analyzed one to three times during
412 s (50 cycles), inducing a consumption of 70 ng of Sn per analysis. Cups were configured as to collect 1°Sn,
117Sn, 118Sn, 119Sn, 120Sn, 121Sb, 1228n, 123Sb, and #Sn. Blanks were <1 ng and two natural samples were measured
along with our samples and found to reproduce values published previously (Creech & Moynier, 2019; see Sup-
porting Information S1). All isotope data reduction was performed using Isospike (www.isospike.org; Creech
& Paul, 2015), providing results expressed as §'2118Sn (permil variation with respect to Sn_IPGP standard).
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3. Results
3.1. Petrography

In each experiment, the superliquidus temperature allowed the metal to coalesce into a single sphere,
measuring about 1 mm in piston cylinder experiments and 500 um in multianvil experiments (Figure 1a).
This sphere was surrounded by the silicate part of the sample, which sometimes contains several other
much smaller metal spheres (Figure 1a). All silicate phases were glassy (Figure 1c) except for the higher
temperature MgO encapsulated experiments, in which MgO diffusion led to crystallisation of olivine and
pyroxene (Figure 1d). The metallic phases have quench textures (Figure 1b). Those primary petrographic
observations indicate that the starting material was fully molten in all experiments, allowing equilibrium
achievement within a few minutes at most (Thibault & Walter, 1995). Si-doped experiments present several
immiscible phases in the metal part and some metal contamination in the silicate as micro- and nano-nug-
gets and were therefore discarded from this study.

3.2. Elemental Compositions

All elemental data from EPMA and LA-ICPMS are presented in Table 2. The MgO content of the silicate
phases of the experiments, from 6.5 to 41.8 wt.%, is a function of experimental temperature since the MgO
introduction from the capsule to the sample is favored at higher temperatures. The MgO content is inferior

3.0
1-2 GPa—1673-1873 K
&
25 e
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O A
# < %
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A Ballhaus et al. (2017)
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Figure 2. Partition coefficient log Dy, as a function of oxygen fugacity
AIW calculated relatively to iron-wiistite (Equation 1) for all experiments
between 1 and 2 GPa and 1,673-1,873 K of this study and data compiled
from literature (Ballhaus et al., 2013, 2017; Hin et al., 2013; Mahan

et al., 2017; Righter et al., 2017). Errors correspond to one standard
deviation (o) and were propagated from EPMA and LA-ICPMS
measurements of this study and from literature. The variation in partition
coefficient over a significant interval of fO, allows accurate determination
of the valence state of Sn. In fact, it can be demonstrated that logDg,

is a function of n/4 log fO, (Siebert et al., 2011). With the slope of the
regression line shown on this figure equal to 0.5, we demonstrate that Sn
has a valence of 24 over a range of more than 2 log units. Experiments
containing more that 1 mol% of S in the metal part are represented with a
horizontal lines pattern. They were included in this figure because in this
study we find that S has no effect on Sn partitioning at 1-2 GPa.

to 30 wt.% in the silicate of boron nitride encapsulated experiments. The
SiO, content ranges from 30.1 to 52 wt.%. Sn concentration varies from
100 to 4,000 ug g~*.

The metallic phases of the experiments are dominated by Fe. The S con-
tent varies from 0 to 17.4 wt.%. Tin concentration ranges from 3.3 to 23
wt.%.

Both silicate and metallic phases are compositionally homogeneous at
the scale of EPMA analyses. Oxygen fugacity is calculated as follows, rel-
ative to the iron-wiistite (IW) buffer:
silicate
AIW =2 - log—E© (1)

metal
Fe

AIW varies from —3.38 to —1.6 in the experiments (Table 2).

3.3. Metal-Silicate Sn Partitioning

Tin metal-silicate partitioning can be written as a chemical exchange re-
dox reaction:

Snozi}izcale + gFemetal — %Feosilicate + Snmetal (2)
where n is the valence of Sn. Valence of Sn was determined for the range
of fO, in our experiments and is demonstrated in Figure 2, where Sn par-
titioning is plotted as a function of fO,. The slope of the regression line
presented here corresponds to n/4 (Siebert et al., 2011) and is shown to be
0.5 in this study. Therefore, this allows precise determination of a valence
state of 2+ for Sn in the experiments of this study and associated litera-
ture data. This is in agreement with recent study by Vogel et al. (2018)
explicitly focused on the valence state of moderately volatile elements in
silicate melts. However, it is noted that this result is in contradiction with
the Sn** valence state used in Righter et al. (2019) and based on different
datasets acquired at very different experimental conditions (e.g., Capobi-
anco et al., 1999). Further XANES study is needed to fully resolve the Sn
valence state in silicate melts. As a 2+ valence state is currently the most
harmonious, herein this value is used for calculations and modeling.
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The metal-silicate partition coefficient corresponds to the ratio of molar fractions:
Xgnnelal
DS“ - Xgirlli(c)ale (3)
The equilibrium constant associated with the redox reaction (Equation 2) is:
(als:ieliéate) . (ag:]etal)
= [ iicae | [ meal) @
(aSnO ) : (aFe )
where a is the activity of the different components, and a = y.X ., where 7, is the activity coefficient and X.
P Vi&i Vi y i
is the mole fraction:
(X;iiiéatc) . ( [Sn‘ftal) metal silicate
_ 7Sn VFeO
logk = log (Xsilicatc) ( mctal) +log mel | log silicate Q)
SnO ! Fe Fe SnO
The influence of silicate melt composition is represented by the last term of this equation. In our experiments,
two different silicate compositions were used, MORB and peridotite, and no difference in partitioning was
found between experiments ran at similar conditions. To further investigate this effect, the nbo/t parameter,
corresponding to molar ratio of non-bridging oxygens per tetrahedrally coordinated cation, was calculated
(Table 2), and found to have no effect on Sn partitioning for groups of experiments that share similar condi-
tions. Furthermore, it is demonstrated that elements with low valence state
20 are very little affected by the structure and composition of the melt (Siebert
20 G-~ = et al., 2011). For Sn, having a valence state of 24+ and showing no effect in
- partitioning for the different silicate compositions tested, the effect of the
15 | silicate composition is not further investigated in this study and is consid-
ered negligible. The logK is simplified as follows:
(X;iéicc)ale) . (Xlsn:lal) 7/metal
1.0 ¢ logK = log-—— + log| £5n (6)
(Xsﬂlcale) . (Xmetal) metal
SnO Fe Fe
° metal
M L _ D Vsn
& 0.5 logK = logKg, + log| —— @)
— }/Fe
The equilibrium constant longDn is used to compare the partitioning
0.0 r £ Hin et al. (2013) #1103 GPa of different experiments with different oxygen fugacities. The logK§), is
OBallhaus et al. (2013) ¢4 to 10 GPa cus . . A .
ABallhaus etal. (2017) 11 to 19 GPa equal to the partition coefficient of Sn divided by that of Fe, allowing to
©Mahan et al. (2017) #20t021 GPa normalize the partitioning with fO,:
-0.5 A Righter et al. (2017) | "
OVogel et al. (2018) D _ Xg};cla X;]el(c)a[e _ DSn
© This study logKy, = log Sl emeud | log—D ®)
& S-bearing experiments SnOy Fe Fe
1.0 3 ; é The partitioning represented by the exchange coefficient logKEn is pre-
10000/T (K) sented in Figure 3 as a function of reciprocal temperature. The longDn

Figure 3. Exchange coefficient log K, plotted as a function of reciprocal

varies from 0.41 to 1.40 in this study. No difference in logK§, was detected
between the BN encapsulated experiments and those in MgO for similar

temperature for all experiments of this study and data compiled from pressure and temperature conditions. The group of experiments from 1
literature (Ballhaus et al., 2013, 2017; Hin et al., 2013; Mahan et al., 2017; to 3 GPa, represented in yellow, contains experiments doped with 2 and
Righter et al., 2017; Vogel et al., 2018). Errors correspond to one 8 wt.% of Sn and three experiments from Mahan et al. (2017) are doped

standard deviation (o) and were propagated from EPMA and LA-ICPMS
measurements of this study and from literature. Experiments containing
more that 1 mol% of S in the metal part are represented with a horizontal

with 16 wt.% Sn, which appears not to affect the Sn partitioning. This
group of low pressure experiments shows a slight dependence of the par-

lines pattern. All experiments are color-coded according to their pressure: ~ titioning on temperature, which results in Sn behaving less siderophile
1-3 GPa in yellow, 4-10 GPa in orange, 10-19 GPa in light red, >19 GPa at higher temperatures, as reported in recent study by Steenstra, Berndt,
in dark red. Multilinear regression fits are also displayed at IW-2 in several ¢ g]. (2020), although they observe a stronger temperature effect. The

conditions: 2, 10, and 20 GPa with no S in the metal. Sn partitioning is
affected by temperature, Sn becoming less siderophile as the temperature
increases. Pressure has a positive and strong effect on partition coefficients.

higher pressure experiments present enhanced Sn siderophility, which
indicates a marked effect of pressure on Sn partitioning. Amongst the

S also presents a notable effect on log K, which tends to lower the low pressure experiments (1-3 GPa), no difference in Sn partitioning is
partitioning as the S content of the metal phase increases above 4 GPa.
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observed between S-bearing experiments and experiments from which the metal is devoid of S. On the other
hand, experiments from 4 to 21 GPa display a strong decrease of Sn partitioning in S-bearing experiments
compared to experiments of similar pressures which are devoid of S in their metal. The presence of a signif-
icant amount of S in the metal makes Sn less siderophile above 4 GPa.

3.4. Isotopic Compositions

All isotopic data collected via MC-ICPMS analysis are presented in Table 2. Results are expressed using del-
ta-notation as 5'>*/''*Sn which represents the difference in per mil in the ">Sn/""®Sn ratio of the sample rel-
ative to the standard Sn_IPGP. In the silicate phases of the experiments, 8'**/!'®Sn ranges from —0.38 t0 0.12,
and from 0.16 to 0.35 in the metal fraction. Metal is found to be enriched in Sn heavier isotopes in all exper-
iments. The bulk 8'**/!"%sn of each experiment was measured by MC-ICPMS and found equal to 0.22 + 0.03
(2sd, n = 8) which is identical within error to the average calculated bulk §'**!'8Sn = 0.25 + 0.14 (2sd) com-
puted from metal and silicate isotopic compositions, indicating negligible Sn loss during the experiments.

3.5. Metal-Silicate Sn Isotopic Fractionation
The isotopic fractionation is calculated for each experiment as follows:

122/118 122/118 122/118
A Sn =90 Sn,. — 8 Sng, ©)]

met—si.

Sn isotopic fractionation A'**''"®sn . is positive for all experiments and ranges from 0.10 to 0.73.

4. Discussion
4.1. Equilibrium Conditions

Elemental and isotopic equilibrium between metal and silicate is crucial for accurate characterization of
Sn's behavior at such conditions. Petrographic observation of the experimental run products of this study
shows no compositional zoning in either metal or silicate (Figure 1). The time duration of experiments was
chosen according to the temperature of the run and in agreement with previous studies (Corgne et al., 2008;
Mahan et al., 2017; Siebert et al., 2011) that report time series experiments at superliquidus conditions and
evidence equilibrium achievement after few tens of seconds.

4.2. Sn Metal-Silicate Partitioning and Earth Accretion
4.2.1. Thermodynamic Parameterization

The thermodynamic formalism shown above (Equation 6) can be restructured as follows:

metal
Fe

1 P 7§netal
logKp=a+b-—+c-——log| =2— 10
eKp T T g{ (10
K, values were calculated using measurements performed with the electron microprobe and LA-ICPMS
for each experiments. The values of a, b, and ¢ were computed using the least-squares multivariate linear
regression using results from experiments with no S in the metal from this study and from previous studies
(Ballhaus et al., 2013, 2017; Hin et al., 2013; Mahan et al., 2017; Righter et al., 2017; Vogel et al., 2018, see

Supporting Information S1):
logK=0.18i0.20+12361‘363-%+77.94_rl3-§ (11)

The regression lines shown in Figure 3 were computed using the calculated regression parameters. S-bear-
ing experiments were used to calculate the interaction parameters. The activity coefficients 75 and yme®
were computed using the interaction parameter approach developed by Ma (2001):

logK, = log ES“

= a+b~i+c-£—log;/gn +edn -log(l—XSn)
Fe T T (12)
+e5, -log(l —Xs)
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2.0 = where gén represents interaction parameters and ygn the activity coefficient
20 S of Sn. gssn is the interaction parameter representing the effect of the pres-
g™ ence of S on Sn activity. gssn is a function of pressure, temperature and S and
L5 ¢ pren ™ =i 10,622 Sn concentrations. ¢3¢ and y, are equal to —0.29 and 0.95 respectively at

1.0 ¢

1873 K (J.S.P.S., 1983). gssn was fitted to the experimental data set and found
to be equal to 5.8 + 0.38. Our results indicate that ggn is pressure-depend-
AL ent, in good agreement with other studies detecting an effect of pressure
g T & § | on interaction coefficients gf,[ (Kubik et al., 2021; Wang et al., 2016) and
ogd

%o iz [ ef,,i (Steenstra, Seegers, et al., 2020) for several siderophile elements. Such
S 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; San-
00 - £ Hin et al. (2013) o1t03 GPa loup et al., 2011) or in the silicate (e.g., Lee et al., 2003). Values of logK for
OBallhaus et al. (2013) ¢4 to 10 GPa all experiments of the data set are shown in Figure 4. This expression of Sn
if;:}ll:i“:te;f’l(';gf;)7) f;(l) :2 ;’; g: metal-silicate partitioning only displays the effect of pressure and temper-
05 L A Righter et al. (2017) ature. When using this interaction correction, S-bearing experiments show
O'Vogel et al. (2018) similar partitioning to experiments that are devoid of this element.
o :zlblz:rt;dgyexpeﬁmems 4.2.2. Core Formation Models
3 4 5 6 Core formation models are used in order to recalculate the partition coef-
10000/T (K) ficient of an element at each incremental step of Earth's accretion (Rubie
et al., 2015; Rudge et al., 2010; Wade & Wood, 2005). The final coeffi-
Figure 4. LogK determined experimentally as a function of reciprocal cient obtained can then be compared to the observed partition coefficient
temperature for all experiments of this study and data compiled from determined for the Earth. This method allows to test multiple accretion

literature (Ballhaus et al., 2013, 2017; Hin et al., 2013; Mahan et al., 2017;
Righter et al., 2017; Vogel et al., 2018). Errors correspond to one

standard deviation ¢ and were propagated from EPMA and LA-ICPMS
measurements of this study and from literature. Experiments containing
more that 1 mol% of S in the metal are represented with a horizontal
lines pattern. All experiments are color-coded according to their pressure:

scenarios and assess whether those scenarios can realistically explain the
observed concentration of an element in the Earth's mantle.

In this study, the experimentally calculated regression parameters were
used to model the evolution of Sn partitioning during several scenarios of

1-3 GPa in yellow, 4-10 GPa in orange, 11-19 GPa in light red, >19 GPa Earth's accretion using the following equation:
in dark red. Multilinear regression fits are also displayed at IW-2 in several

s ) . . ) 1 P so 1873 Xteo
conditions: 2, 10, and 20 GPa with no S in the metal. LogK being defined as logDg, =a +b T +c- T + &gy - log(l - Xs) —log . (13)

a+ b-L + c~£, this figure displays the effect of pressure and temperature

Fe

alone on Sn partitioning between metal and silicate. SSS: and ygn found in Equation 12 simplify here because Sn is very dilute

in the materials considered in our models. In those models, the differ-

entiation occurs in a continuous way over Earth's accretion (Wade &
Wood, 2005). The pressure and temperature conditions, which are those of the base of a deep magma ocean,
evolve over the course of the accretion (see Supporting Information S1). Several degrees of equilibration
between core and mantle were tested. The parameter k represents the fraction of the core of the accreted
embryo that equilibrates with the mantle of the proto-Earth. A full equilibration is modeled with k equal to
1, and lowering k allows to model a partial equilibration. The formalism proposed by Deguen et al. (2014)
was used to model the efficiency of the equilibration with more precision with parameter e which represents
the equilibration efficiency based on k and other considerations such as the mass of silicate that is dragged
toward the core along with the metal when metal segregation occurs, preventing full equilibration. All full
equilibration models presented here use k = 1 and all partial equilibration models use an ¢ with k = 0.5.
Results of homogeneous core formation models are presented in Figure 5a. The model computed in the
case of partial equilibration shows a lower final partition coefficient than the one using only a k parameter
to quantify the equilibration efficiency, but those two models cannot be reconciled with the Sn partitioning
coefficient of Earth, which is estimated at 8.5 + 5 (see Supporting Information S1) based on the apparent
depletion of Sn relative to the canonical volatility curve (Lodders, 2003; Palme et al., 2013).

A heterogeneous accretion scenario was also considered in order to investigate the effect on Sn partitioning
of a delivery of all the volatiles in the later part of the main phases of Earth's accretion as proposed in pre-
vious studies (Braukmidiller et al., 2019; Kubik et al., 2021; Suer et al., 2017) (Figure 5b). The computation
of the delivery of Earth's volatile elements, including Sn and S, in the last 10%-20% of accretion generated
a final Sn partitioning that is significantly lower than in the homogeneous accretion scenario, mainly due
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Figure 5. Evolution of Dy, during Earth's accretion computed from core formation models with full and partial equilibration and 1.8 wt.% S in the core of the
final Earth. (a) Tin partitioning with continuous and homogeneous core formation models with full and partial equilibration. For partial equilibration, ¢ was
computed with k = 0.5. The final Dy, displayed for Earth are respectively 544 + 145 and 167 + 45. The use of an ¢ is lowering significantly the partitioning

of Sn, but the final values are too high to be compared to the observed Sn partitioning on Earth (8.56 + 5.07), shown as a dotted line on the figure. (b) Tin
partitioning as a function of the percentage of accreted Earth computed from continuous heterogeneous core formation models in which all the Sn and S were
brought in the last 20% or in the last 10% of Earth's accretion in order to simulate a late accretion stage. The obtained final Dy, are lower than in the scenario
presented in (a): 128 + 34 for the light blue curve which represents a 20% late accretion stage with partial equilibration, 55 + 15 for the dark blue curve
corresponding to a 10% late accretion stage with full equilibration, 42 + 11 for the blue curve which shows a 10% late accretion stage with partial equilibration,
using an € with k = 0.5, and 9.9 + 2.6 for the purple curve representing a model identical to the previous one with 3 wt.% of S in the core. The partitioning is
still distinct from the observed value shown in dotted line (8.56 + 5.07) except when more S is brought into the core. In those models we used a succession of
planetesimals of different sizes to be accreted at each steps: 0.1, 1, 10, and 20 wt.% of the Earth's total mass. In calculations considering a partial equilibration,
the partitioning coefficients are sensitive to the size of the accreted embryos which is why we observe variations on the curve at stages where there is a change
of size of accreted bodies.

to the effect of a higher concentration of S which makes Sn less siderophile, combined with a partial equi-
libration of the impactors’ cores with the Earth's mantle. With a scenario of volatile delivery in the last
20% of accretion, the final Dg_ is still an order of magnitude higher than the observed partitioning. When
the volatile content delivery of the Earth was concentrated in the last 10% of accretion, lower partition
coefficients were obtained (56 + 14 with full equilibration and 42 + 11 in the case of partial equilibration).
The reason for this is that most of the S and Sn budgets of the Earth are concentrated in one last embryo
in the model which therefore has a high S core content which helps put a lot of Sn in the mantle of this
embryo. When accreted, this 10 wt.% embryo's mantle equilibrates with the planet's mantle, lowering
the final Dy of the planet. Since the S content in the core of the Earth was found to have such a large
influence on Sn partitioning in the Earth, this parameter was varied in Figure 6 from 1.8 wt.%—which is
the value proposed in literature from cosmochemical estimates (e.g., McDonough, 2003)—to 4 wt.%, com-
puted with a volatile delivery in the last 10% of the accretion using an equilibration efficiency parameter
e with k = 0.5. We find that with 2.5-3.5 wt.% of S in the core, the observed Sn partitioning coefficient for
this accretion scenario matches the observed value (Figures 5b and 6). Although there is no consensus
on the exact S content of the core, the 2.5-3.5 wt.% found in this study are in good agreement within
error with cosmochemical estimates (McDonough, 2003), recent partitioning studies at comparable P
and T conditions (Mahan, Siebert, Blanchard, Borensztajn, et al., 2018; Suer et al., 2017), and mineral
physics studies (Badro et al., 2014; Morard et al., 2013). Other light elements are thought to be present in
significant abundances in the Earth's core such as O, C, and Si (e.g., Allégre et al., 1995; Ringwood, 1977)
and could have an effect on Sn partitioning. The effect of Si is not included in our parametrization for
the reasons mentioned above, but it should be noted that the interaction parameter predicted by Righter
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60 et al. (2019) would influence the parameterization and further models
and conclusions of this study.
50 4.2.3. Tin Metal-Silicate Isotopic Fractionation
Equilibrium mass dependent fractionation of isotopes decreases as a
function of the reciprocal square of temperature (Urey, 1947):
40 ® 122/118 1
A Shpeisit = @ - F 14)
o
- Using the data set of this study displayed on Figure 7, parameter a is
(2]

30 ¢ found to be equal to 1.18-10° + 0.05-10° K> S-bearing experiments
show higher Sn isotopic fractionation than the rest of the data set and
are therefore excluded for parameterization considering their unrealistic

20T S content compared to natural systems. More S-bearing experiments are

needed to properly parameterize this effect. No difference in isotopic frac-

+ tionation is detected between experiments performed in BN capsules and
L W + _é_ ————————— those in MgO capsules.

apparent core—mantle value

‘ ® @ A significant Sn metal-silicate isotopic fractionation was measured from

0 s the experimental data set of this study. This result seems to be in disa-

1 2 3 4 5 greement with the rather small difference between the §-factors of pure

X in Earth's core (wz.%)

Figure 6. Heterogeneous partial equilibration core formation models. The
final D, is plotted for a range of different S concentrations that are forced
into the Earth's core. Dy, is computed in the case of a late accretion of Sn
and S in the last 10% of Earth's formation, using an € and with k = 0.5. In
this calculation the bulk S content of the accreted embryos are entered as
input and the X, in the cores of the embryos and Earth are computed using
multilinear regression equation from Rose-Weston et al. (2009) which
describes the experimentally determined behavior of S in a metal-silicate
equilibrium. It shows that if there is 3 wt.% of S in the Earth's core, the
apparent partitioning of Sn, plotted as a blue dotted line, can be perfectly
reconciled with the computed partitioning inferred from experimental
data.

a-Sn and SnO-bearing silicates reported from recent nuclear resonant
inelastic X-ray scattering (NRIXS) measurements (Roskosz et al., 2020).
This argues against a measurable Sn isotopic fractionation during core
formation. However, such conclusions were reached on samples that are
not geochemically relevant (i.e., quenched glasses, pure Sn solid metal)
at room pressure and further NRIXS measurements need to be carried
out to confirm this potential discrepancy with the present work. The pa-
rameterization of this fractionation with temperature variation indicates
that at conditions relevant for Earth core-mantle equilibrium (~3000 K),
the resultant mantle could be isotopically lighter than the core by 150-
200 + 17 ppm per amu. Although a lot of isotopic systems predict an
enrichment of the mantle in heavy isotopes (e.g., Mo: Hin et al., 2013; Si:
Hin et al., 2014), it is not unusual to detect a light isotope enrichment in
the silicate part (e.g., S: Labidi et al., 2016; Fe: Elardo & Shahar, 2017; Sha-

har et al., 2015; Ni: Guignard et al., 2020). Recent measurements of Sn isotopic compositions of chondrites
by Creech and Moynier (2019) show an overlap between the carbonaceous chondrites composition and
that of the primitive mantle measured by Badullovich et al. (2017). This overlap could be the result of two
scenarios: (a) The Sn budget of the Earth did not equilibrate with the core, either through the addition of
an unequilibrated late veneer, and/or a low rate of partial equilibration between core and mantle; or (b) the
temperature during core-mantle differentiation was higher than 4000 K, preventing detectable Sn isotopic
fractionation, as suggested by recent work by Olson and Sharp (2019). In this second case, the Sn isotopic
signature of the BSE would match the signature of its building blocks, which would then only match that of
carbonaceous chondrites (and not enstatite or ordinary chondrites, see Figure 8), in agreement with other
cosmochemical observables (Braukmiiller et al., 2019; Marty, 2012; O'Neill, 1991).

The experimentally parameterized Sn isotopic fractionation at metal-silicate equilibrium was used as input
in an isotopic core formation model in order to test different accretion scenarios, where ordinary, enstatite
and carbonaceous chondrites were considered as potential sources for the Earth's volatiles (Figure 8). The
conditions of the models match those of the elemental core formation models discussed in the previous sec-
tion. During metal-silicate equilibration, the metal is preferentially enriched in the heavier isotopes of Sn
whereas the silicate is enriched in Sn lighter isotopes. In the computed models, the Sn isotopic composition
of one of the three types of chondrites was used as the bulk Sn isotopic composition of the Earth (ordinary:
—0.29 =+ 0.44%o, enstatite: 0.12 + 0.28%. and carbonaceous: 0.47 £ 0.12%o., Creech & Moynier, 2019). The
mantle and core isotopic compositions were then calculated both in the case of a homogeneous accretion
and an heterogeneous accretion where the volatiles were brought in the last 10% of Earth's accreted mass.
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pected (Figure 8). The ordinary and enstatite chondrites, of which the av-
erage Sn isotopic composition is significantly lighter than the BSE, would
produce computed mantle values for Sn isotopes that are even lighter,
from —0.60 % 0.05%o to —0.08 + 0.04%., which are incompatible with the
BSE (0.49 + 0.11%0, Badullovich et al., 2017). On the other hand, results
for carbonaceous chondrites isotopic core formation models show good
agreement with Sn isotopic composition of the BSE. The dispersion of
Sn isotopic compositions within this group of chondrites is displayed on
Figure 8. Our computed Sn isotopic BSE composition in the case of heter-
ogeneous accretion, which is 0.37 £ 0.04%o, plots within error of the BSE
isotopic composition. The observed BSE Sn isotopic composition could be
explained by the same scenario as the observed Sn abundance in the BSE
without the need to invoke other processes (i.e., volatilization processes).
In this scenario, carbonaceous chondrite-like material appears to be the

Figure 7. Sn isotope fractionation between metal and silicate from

a selection of piston cylinder experiments at 2 GPa as a function of

the equilibrium temperature of those experiments. This fractionation

is a function of 1/T? (Urey, 1947) as represented by the gray dashed
regression. A fractionation between 0.10 and 0.73%. is observed. S-bearing
experiments, represented with a horizontal lines pattern, seem to present
a higher fractionation of Sn isotopes between metal and silicate. The

gray zone corresponds to temperatures that are relevant to the conditions
of core-mantle differentiation in a deep magma ocean on Earth. The
interpolation of the regression based on experimental data at such
temperatures shows that isotopic fractionation could be observed at Earth's

differentiation conditions.

most likely source of volatile elements on Earth according to our Sn iso-
tope data set. It should be noted that a different and isotopically lighter
BSE estimate was proposed by Wang et al. (2018) based on a peridotite
sample (8'22118Sn = 0.27 + 0.06%o relative to Sn_IPGP). The use of this
lighter estimate would not modify the results of this study, but would in
fact strengthen its conclusions. If the S effect observed in the experimen-
tal data is confirmed by future studies, the quantification of this effect
during Earth's accretion, whether by considering the S content of the core
or by modeling sulphide segregation, would increase the Sn core-mantle
fractionation and strengthen our conclusions for a late volatile accretion
and/or high temperature of core formation (above 4,000 K) and carbona-
ceous chondrite source material. Wang et al. (2019) propose an estimate
of the Bulk Silicate Moon (BSM) of 0.03 + 0.02%o (8'2%/18Sn relative to
Sn_IPGP) which is significantly lighter than the BSE (0.49 + 0.11%o).
Although the Moon and the Earth share common episodes of their accretion history—namely the giant
impact stage—the Moon is clearly volatile depleted compared to the Earth most likely because of volatil-
ization processes (Boyce et al., 2015; Kato et al., 2015; Pringle et al., 2014; Pringle & Moynier, 2017; Sharp
et al., 2010; Wang & Jacobsen, 2016) or core formation (Steenstra et al., 2016). The light Sn isotopic signature
of the BSM is not fully consistent with volatile loss and could be explained by mixing processes between the
protolunar disk and the Earth as proposed by Wang et al. (2019), and, as our data suggest, lunar core forma-
tion may also have left the silicate fraction of the Moon enriched in the lighter isotopes. The contribution
of core formation in establishing the light isotope signature of the BSM is also in agreement with the Moon
core formation temperature estimated at 2,300 K by other studies such as Steenstra et al. (2016). According
to our experimental data, core formation at such temperature would produce a Sn isotope fractionation of
0.06%o0/amu. It should be noted that Sn isotopic measurements being very scarce, more studies reporting
additional isotopic data would be much beneficial to further discuss these topics.

4.2.4. Core Formation and Earth's Accretion

A scenario in which the volatile delivery occurs in the last part of the main phases of Earth's accretion is
in agreement with numerous other studies. This last stage could be associated to a sulfur-rich iron liquid
that forms by sulphide saturation and segregates into the core (referred to as the Hadean matte; Rubie
et al., 2016). While our study does not necessitate this added complexity, it does not negate its possibil-
ity either. Several studies show volatile elements metal-silicate equilibrium data that cannot be recon-
ciled with the observed abundances in the case of a homogeneous accretion scenario. In particular, Suer
et al. (2017), Mahan, Siebert, Blanchard, Badro, et al. (2018) and Mahan, Siebert, Blanchard, Borensztajn,
et al. (2018) report sulfur, zinc and copper metal-silicate diamond anvil cell experiments at conditions
relevant to Earth's core formation (46-91 GPa), and are able to reconcile their data with the observed S,
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Figure 8. Isotopic compositions of core formation models computed

for different types of possible building materials compared to the bulk
silicate Earth (BSE) value (Badullovich et al., 2017) in dashed line with
uncertainty in gray. Average isotopic compositions of carbonaceous
chondrites (purple), enstatite chondrites (red) and ordinary chondrites
(green) from Creech and Moynier (2019) are plotted as large

squares displaying the standard deviation between single meteorites
measurements. Individual measurements of carbonaceous chondrites

are represented as small purple squares. Multiple isotopic core formation
models were computed using each of the average chondrites §'%113Sn as
the isotopic composition of Earth's building blocks. For each chondrite
type, a homogeneous accretion model with an € and k = 0.5 was calculated
and represented as a triangle. A heterogeneous model where all the
volatiles were brought in the last 10% of Earth's accretion, considering

an € value and k = 0.5, is represented as a circle. Error bars of the models
correspond to the propagation of uncertainty on the regression parameter.
The isotopic composition of carbonaceous chondrites overlap with that
of the BSE. The modeled 8'%1183n of the BSE are lower than the §'2%/118Sn
from the chosen building block because the heavier isotopes of Sn tend

to go preferentially in the core. Models detailing carbonaceous chondrite
isotopic compositions generate models that are closer to the BSE than

for other potential source materials. Moreover, individual Sn isotopic
measurements of carbonaceous chondrites (small purple squares) overlap
with that of the BSE (with notable dispersion), and both overlap with our
heterogeneous model. Based on this evidence, carbonaceous chondrite-like
material appears to be the best potential source of volatile elements on
Earth.

Zn and Cu contents of the present-day mantle with a volatile delivery
in the last part of the main phases of the Earth's accretion, a scenario
also supported by Ballhaus et al. (2017), Huang et al. (2021) and Kubik
et al. (2021). This accretion pathway is not only backed by metal-sil-
icate studies, but isotopic measurements of Pd-Ag and noble gases as
well as Mo and Ru anomalies (Budde et al., 2019; Hopp et al., 2020;
Marty, 2012; Schonbachler et al., 2010) show that terrestrial isotopic
data can only be explained by a heterogeneous accretion scenario. A
study on halogens abundances and ratios (Clay et al., 2017) corrobo-
rates late-stage accretion of volatile-rich planetesimals. Numerical sim-
ulations put spatial constraints on this mechanism showing that the
source of volatiles on Earth was probably an influx of material from
the outer solar system which was delivered late in the planet's growth
(Lichtenberg et al., 2021; Morbidelli et al., 2012; Raymond et al., 2006).
O'Brien et al. (2018) and Schiller et al. (2018) also state that this late
delivery is composed of material originated from beyond the snow line
and chemically similar to carbonaceous chondrites.

Carbonaceous chondrites appear to have contributed to terrestrial
planet building blocks, and are the most likely source of volatiles on
Earth according to numerous studies (e.g., O'Neill, 1991; Schonbachler
et al., 2010). Recent work on S, Se, and Te measurements (Braukmiiller
et al., 2019) shows that the most volatile elements are unfractionated
from one another in Earth and chondrites, creating a volatile element
plateau (or “hockey-stick” pattern). Braukmiiller et al. (2019) propose a
scenario of delivery of volatiles under the form of 10-15 wt.% of CI-like
material before core formation ceased (potentially as a giant, Moon-form-
ing impact), in view of the depletion of siderophile and chalcophile vola-
tile elements relative to the observed plateau.

Moreover, though the systematic linkage of water and other volatile spe-
cies is debatable, the highly volatile elements (e.g., H, N, Kr, and Xe) fur-
ther support volatile delivery via carbonaceous chondrite-like material.
For example the D/H ratios of carbonaceous chondrites are consistent
with the bulk Earth value (Alexander et al., 2012; Sarafian et al., 2017).
The coupled similarity in H and N isotopic compositions between CI
chondrites and the bulk Earth also advocates for a carbonaceous chon-
dritic source for volatile elements in the Earth's mantle (Marty, 2012). For
heavy noble gases, isotope data obtained on mantle-derived samples also
show a chondritic affinity for these noble gases in the silicate portion of
Earth (Holland et al., 2009; Péron & Moreira, 2018), although some stud-
ies suggest that there could be multiple noble gas reservoirs in the deep
mantle (Tucker & Mukhopadhyay, 2014). However, recent study by Piani
et al. (2020) focusing on H and N isotopes suggests that Earth's water
could originate from enstatite chondrite-like material.

Lastly, recent modeling results of large impact dynamics strongly support
the notion that most or all volatiles are retained during Earth's accretion
(Lock & Stewart, 2017; Daly & Schultz, 2018). A similar message is de-
livered by Siebert et al. (2018) regarding the chondritic Mn/Na ratio ob-
served on Earth, favoring incomplete accretion in the solar nebula over
syn- and post-accretion volatilization processes to explain the volatile de-
pletion. Taken together, these observations converge toward retainment
of most or all inherited volatiles during the entire accretionary process
and volatile signatures established from nebular processes.
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Assuming that Earth's Sn budget and isotopic signature have been inherited from its source material
(Creech & Moynier, 2019), our results show that any difference in Sn isotope composition and abundances
between the BSE and potential building blocks (e.g., carbonaceous chondrites) is largely a consequence of
the process of core formation.

5. Conclusions

Thirty piston cylinder and multianvil press experiments have been performed to characterize the metal-sil-
icate behavior of Sn at high pressure and high temperature. A double approach was used in which both Sn
elemental partitioning and Sn isotopic fractionation were measured at metal-silicate equilibrium. Subsequent
parameterization and core formation models show that pressure has a notable positive effect on Sn parti-
tioning that makes the relatively high Sn content of the Earth's mantle largely incompatible with a scenario
of homogeneous accretion and associated differentiation. The observed Sn concentration in the BSE can be
reconciled with our experimental data only in an accretionary scenario where most of the volatile elements
budget was delivered during the last 10% of the main phases of Earth's formation. Moreover, around 3 wt.%
of S in the core are needed to sufficiently lower the modeled partitioning in order to match the observed Sn
abundance. Tin isotopes are found to be fractionated at metal-silicate equilibrium, such that the mantle ought
to become enriched in the lighter isotopes during core formation. If no other process fractionated Sn isotopes,
the bulk Earth should then be heavier than the bulk silicate Earth value. For ordinary and enstatite chondrite
types, previous work has established that the averages of available Sn isotopic compositions are significantly
lighter than the BSE estimate, whereas carbonaceous chondrites provide a plausible match. Our isotope data
therefore suggest that the most likely source of Earth's volatiles is carbonaceous chondrite-like material.

Data Availability Statement

All the data are available in Table 2 and in the following repository: https://data.mendeley.com/
datasets/5zxjmr5r5j/1.
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