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Abstract

Earth’s core contains ~10% of a light element that may be a combination of Si, S, C, O or H, with Si potentially being the
major light element. Metal-silicate partitioning of siderophile elements can place important constraints on the P-T-fO, and
composition of the early Earth, but the effect of Si alloyed in Fe liquids is unknown for many of these elements. In particular,
the effect of Si on the partitioning of highly siderophile elements (Au, Re and PGE) is virtually unknown. To address this gap
in understanding, we have undertaken a systematic study of the highly siderophile elements Au, Pd, and Pt, and the volatile
siderophile elements P, Ga, Cu, Zn, and Pb at variable Si content of metal, and 1600 °C and 1 GPa. From our experiments we
derive epsilon interaction parameters between these elements and Si in Fe metallic liquids. The new parameters are used to
update an activity model for trace siderophile elements in Fe alloys; Si causes large variation in the magnitude of activity coef-
ficients of these elements in FeSi liquids. Because the interaction parameters are all positive, Si causes a decrease in their
metal/silicate partition coefficients. We combine these new activity results with experimental studies of Au, Pd, Pt, P, Ga,
Cu, Zn and Pb, to derive predictive expressions for metal/silicate partition coefficients which can then be applied to Earth.
The expressions are applied to two scenarios for continuous accretion of Earth; specifically for constant and increasing
fO, during accretion. The results indicate that mantle concentrations of P, Ga, Cu, Zn, and Pb can be explained by metal-
silicate equilibrium during accretion of the Earth where Earth’s early magma ocean deepens to pressures of 40-60 GPa.
Au, Pd, and Pt, on the other hand become too high in the mantle in such a scenario, and require a later removal mechanism,
rather than an addition as traditionally argued. A late reduction event that removes 0.5% metal from a shallow magma ocean
can lower the Au, Pd, and Pt contents to values near the current day BSE. On the other hand, removal of 0.2-1.0% of a late
sulfide-rich matte to the core would lower the Au, Pd, and Pt concentrations in the mantle, but not to chondritic relative con-
centrations observed in the BSE. If sulfide matte is called upon to remove HSEs, they must be later added via a late veneer to
re-establish the high and chondritic relative PUM concentrations. These results suggest that although accretion and core for-
mation (involving a Si, S, and C-bearing metallic liquid) were the primary processes establishing many of Earth’s mantle vola-
tile elements and HSE, a secondary removal process is required to establish HSEs at their current and near-chondritic relative
BSE levels. Mn and P - two siderophile elements that are central to biochemical processes (photosynthesis and triphosphates,
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respectively) - have significant and opposite interactions with FeSi liquids, and their mantle concentrations would be notably

different if Earth had a Si-free core.
Published by Elsevier Ltd.
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1. INTRODUCTION

Siderophile elements can provide important constraints
on the conditions of accretion and core formation in the
early Earth, and in particular the temperature, pressure,
oxygen fugacity, and metallic and silicate liquid composi-
tions. The relative importance of all these variables is differ-
ent for each element, and in particular the non-metal
content of the metallic liquid can exert a strong influence
on the magnitude of D(metal/silicate), defined as the con-
centration (i) in metal/concentration (i) in silicate, the parti-
tion coefficient of siderophile elements between the core and
mantle. Earth’s core contains ~10% light elements that are
likely a combination of S, C, Si, and O, with Si possibly
being the most abundant (e.g., Hirose et al., 2013). Many
recent studies have focused on Si as the major light element
in the core (and C and S being minor), using a variety of
approaches such as seismology (Lin et al., 2003; Sanloup
et al., 2004; Badro et al., 2007, Mao et al., 2012), high pres-
sure experimentation (Ricolleau et al., 2011; Siebert et al.,
2013; Fischer et al., 2015) and isotopic and cosmochemical
arguments (Georg et al., 2007; Ziegler et al., 2010). The
effect of S and C on metal/silicate partitioning is relatively
well understood for many moderately siderophile elements
(e.g., Chabot et al., 2006; Siebert et al., 2011; Wood et al.,
2014), and highly siderophile elements (e.g., Laurenz et al.,
2016; Righter et al., 2015), but the effect of Si alloyed with
Fe liquid is relatively poorly understood. There are some
insights from solid/liquid metal partitioning such as
Chabot et al. (2010) for Si. Although the effect of Si on par-
titioning of Ge, As, and Sb are in agreement with the
Chabot et al. (2010) work, there are differences for some ele-
ments such as Mo and W, suggesting that the solid/liquid
metal systems may not always be an accurate guide to
behavior in metal-silicate systems. Some work in metal-
silicate systems has also been undertaken. The effect of Si
can be small such as for Ni and Co (e.g., Tuff et al., 2011),
or large such as for Mo, Ge, Sb, and As (e.g., Righter
et al., 2016a, 2017), but its effect on many other siderophile
elements in metal-silicate systems is unknown, yet could be
an important influence on the core-mantle partitioning of
SE. Here we report new experiments designed to quantify
the effect of Si on the partitioning of P, Au, Pd, Pt, Zn,
Cu, Pb, and Ga and several other SE between metal and sil-
icate melt. The results will be applied to Earth, for which we
have constraints on the mantle siderophile element concen-
trations from analyses of peridotite xenoliths and massifs.

2. EXPERIMENTAL

Experiments were carried out using a non end loaded
piston cylinder apparatus and run conditions of 1 GPa
and 1600 °C. Samples were heated with a graphite furnace,

with temperature monitored with a Type C W-Re thermo-
couple. Pressure was generated using a BaCO; medium, cal-
ibrated against the melting point of diopside. The starting
materials comprised basaltic silicate (70% by mass; Knippa
basalt; Lewis et al., 1993) mixed with metal of three differ-
ent compositions (and hence three different series): metallic
Fe + 5% Au, metallic Fe + 5% Pd, or metallic Fe + 5% Pt.
Silicon metal was also added to the metallic mixture at 2, 4,
6, and 10%, to create a variable amount of Si alloyed with
Fe in each series. The metal mixtures were added as 30% by
mass. These metal-silicate mixtures were then placed in sin-
tered MgO capsules, and at run conditions, the MgO cap-
sule reacts with the silicate melt to form more MgO-rich
liquids that have 22-26 wt% MgO. Samples were held at
run conditions for 90 min at 1600 °C, to ensure approach
to equilibrium, with the duration determined by a previ-
ously completed series of experiments on siderophile ele-
ments (Righter et al., 2017).

3. ANALYTICAL

Experimental metals and silicates were analyzed using a
combination of electron microprobe analysis (EMPA) at
NASA-JSC, and laser ablation ICP-MS at Florida State
University.

EMPA analysis (using both Cameca SX100 and JEOL
8530 FEG microprobes) was used for major and minor ele-
ments (Fe, Si, P, Au, Pd, Pt, and S) and utilized a variety of
mineral and glass standards with 15kV and 20 nA condi-
tions (Tables 1-3). Trace elements (typically those < 100
ppm; Ga, Zn, Cu, Pb, Au, Pd, Pt, V, Cr, Ni, Co, Ag) were
measured with LA-ICP-MS using glass and metal stan-
dards and either spot or line analyses depending on the size
of the metal or silicate regions of interest (Tables 1-3).

Each sample was analyzed by an ElectroScientific Instru-
ments (ESI) New Wave UP193FX excimer (193 nm) laser
ablation system coupled to a Thermo Element XR Induc-
tively Coupled Plasma Mass Spectrometer (ICP-MS) at
the Plasma Analytical Facility of the National High Mag-
netic Field Laboratory, Florida State University, for: 295,
31p, Sty 3¢y, SMn, SFe, ¥Co, “Ni, ©Cu, %Zn, "'Ga,
105+106pq 1931, 195py 197 Ay, 298Pb, and other elements as
described by Yang et al. (2015). Internal standards were
2Si for silicates and >’Fe for metal + sulfide. The relevant
isobaric interferences are discussed in Yang et al. (2015).
Laser fluence was 2 GW/cm?. Relative sensitivity factors
were obtained using NIST SRM 610 glass, USGS Basaltic
Glasses BHVO-2G, BIR-1G, and BCR-2G for lithophile
elements (Jochum et al., 2011), and Hoba IVB (Walker
et al., 2008) and Filomena ITA (Wasson et al., 1989) for
siderophile elements (Humayun et al., 2007; Gaboardi and
Humayun, 2009; Humayun, 2012). The metal portions of
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Table 1
Summary of Au experiments (1 GPa, 1600 °C) and EMPA and LA-ICP-MS analyses.
Silicate EMPA — wt%

Aul Au2 Aub Aul0 Au4B Au6B Aul0B
SiO, 28.9(1.4) 30.4(1.5) 31.8(1.6) 39.4(2.0) 42.3(2.1) 43.7(2.2) 44.2(2.2)
TiO, 2.89(6) 2.81(6) 4.33(9) 2.71(5) 3.53(7) 3.37(7) 2.07(4)
ALO, 8.7(4) 8.9(4) 11.3(6) 8.1(4) 11.5(6) 12.0(6) 11.9(6)
FeO 10.37(21) 7.68(15) 4.04(8) 0.48(1) 0.100(1) 0.030(1) 0.010(1)
MnO 0.140(1) 0.150(1) 0.150(1) 0.140(1) 0.120(1) 0.080(1) 0.030(1)
MgO 33.4(1.7) 35.0(1.8) 26.9(1.4) 35.7(1.8) 25.2(1.3) 22.4(1.1) 23.2(1.2)
CaO 10.83(22) 10.64(21) 15.88(32) 9.83(20) 12.46(25) 13.37(27) 13.11(26)
Na,O 2.6(1) 2.6(1) 3.4(2) 2.4(1) 3.4(2) 3.7(2) 3.7(2)
K,O 1.47(3) 1.473) 1.98(4) 1.32(3) 1.96(4) 2.22(4) 2.13(4)
P,O5 0.26(1) 0.48(1) 0.26(1) 0.006(1) 0.020(1) 0.020(1) 0.010(1)
Total 99.57 99.97 99.97 99.97 100.55 100.91 100.34
Silicate LA-ICP-MS — ppm
\Y% 181(18) 161(16) 201(20) 113(11) 17(2) 4.0(4) 1.0(1)
Cr,053 (Wt%) 0.024(2) 0.021(2) 0.023(2) 0.015(2) 0.0040(4) 0.0020(2) 0.0010(1)
Co 0.36(4) 0.31(3) 0.59(6) 0.19(2) n.d. n.d. n.d.
Ni 20.5(2.0) 25.2(2.5) 87(9) 28(3) 0.70(7) 0.20(2) 0.70(7)
Cu 2.9(3) 2.5(3) 2.4(2) 0.77(8) 0.80(8) 1.0(1) 19.7(2.0)
Zn 54.3(5.4) 46.2(4.6) 40.2(4.0) 13.1(1.3) 5.3(5) 4.2(4) 4.5(4)
Ga 8.0(8) 6.7(7) 4.3(4) 2.5(3) 4.2(4) 5.5(6) 5.3(5)
Ag 0.11(1) 0.12(1) 0.062(6) 0.044(4) 0.032(3) 0.066(7) 0.15(2)
Au 4.59(46) 3.22(32) 2.73(27) 1.7(2) 5.52(55) 13.8(1.4) 16.1(1.6)
Pb 1.2(1) 0.91(9) 0.68(7) 0.099(9) 0.041(4) 0.043(4) 0.096(9)
Metal EMPA — wt%
Si 0.020(4) n.d. n.d. 0.160(3) 3.12(6) 8.13(16) 15.86(32)
p 0.200(4) 0.290(6) 0.64(1) 0.86(2) 0.70(1) 0.66(1) 0.72(1)
Au 5.95(11) 5.06(10) 4.59(9) 4.61(9) 3.84(8) 2.71(5) 2.10(4)
Pd n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Fe 90.76(1.82) 91.50(1.83) 93.30(1.87) 92.42(1.84) 91.54(1.83) 87.43(1.75) 79.03(1.58)
Ni 0.070(1) 0.070(1) 0.070(1) n.d. n.d. n.d. n.d.
Metal LA-ICP-MS — ppm
\% n.d. n.d. n.d. 303(30) 477(48) 500(50) 500(50)
Cr n.d. n.d. 83(8) 587(60) 675(68) 731(73) 860(86)
Mn n.d. n.d. 42(4) 325(33) 1065(107) 2736(274) 5385(540)
Co 145(15) 137(14) 122(12) 124(12) 111(11) 105(11) 123(12)
Ni 655(66) 708(71) 603(60) 526(53) 513(51) 481(48) 563(56)
Cu 235(24) 182(18) 153(15) 164(16) 155(16) 206(21) 243(24)
Zn 62(6) 56(6) 120(12) 340(34) 386(39) 556(56) 690(69)
Ga 29(3) 31(3) 37(4) 41(4) 38(4) 45(5) 72(7)
Ag 9.2(9) 5.5(5) 4.6(5) 4.5(5) 4.2(4) 7.9(8) 9.8(9)
Pb 33(3) 24(2) 15(2) 19(2) 18(2) 28(3) 36(4)
Total 97.12 97.03 98.73 98.29 99.54 99.47 98.56
A Twidea! -1.96 —2.26 —-2.80 —4.70 —6.00 —-6.99 -7.83
A TWAHitY —1.46 -1.72 —2.15 —3.98 -5.21 —6.14 —6.82
nbolt 3.48 3.32 2.59 2.55 1.75 1.58 1.61
D(Au) 1.3 x 10* 1.6 x 10* 1.7 x 10* 2.7 x 10* 7.0 x 103 2.0 x 103 1.3 x 10°
(+/-) 0.1 x 10* 0.2 x 10* 0.2 x 10* 0.3 x 10* 0.7 x 10° 0.2 x 10° 0.1 x 10°
the samples were measured using a 20 um raster at 5 um/s 4. RESULTS

and 20 Hz, collected with 150 runs. Because of the presence
of quench olivine and MgO crystals (the latter from reaction
with the capsule) scattered throughout, a 50 um line was
scanned at 10 pm/s, 20 Hz, 100 runs. Single values were
examined to screen out spikes associated with MgO crystals.
The relative standard deviation (RSD) of HSE abundances
in metal from each of the runs was ~2%, and RSD of HSE
in the silicate portions averaged ~20%.

4.1. Phase equilibria and equilibrium

All experiments equilibrated metallic liquid and
silicate melt. Because the silicate melts are generally
MgO rich (MgO > 20%) they are difficult to quench to
a glass even at high quench rates, and so the run
products contain a mixture of glass and coarse-grained,
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Table 2
Summary of Pd experiments (1 GPa, 1600 °C) and EMPA and LA-ICP-MS analyses.

Pdo Pd2 Pd4 Pd6 Pd4B Pd6B Pd10B
Silicate EMPA — wt%
SiO, 31.1(1.6) 31.2(1.6) 31.6(1.6) 33.5(1.7) 43.7(2.2) 43.3(2.2) 41.6(2.1)
TiO» 3.70(7) 3.56(7) 3.67(7) 4.44(9) 3.52(7) 3.31(7) 2.02(4)
ALO; 11.2(6) 10.6(5) 11.1(6) 12.7(6) 11.3(6) 11.5(6) 11.9(6)
FeO 11.84(24) 10.29(21) 7.44(15) 5.51(11) 0.140(1) 0.040(1) 0.020(1)
MnO 0.160(1) 0.180(1) 0.160(1) 0.180(1) 0.150(1) 0.090(1) 0.020(1)
MgO 23.2(1.2) 27.1(1.4) 27.8(1.4) 20.6(1.0) 23.4(1.2) 24.2(1.2) 26.2(1.3)
CaO 12.82(26) 12.22(24) 13.84(28) 15.49(31) 12.75(26) 12.69(25) 13.17(26)
Na,O 3.3(2) 3.0(2) 3.1(2) 43(2) 3.4(2) 3.4(2) 3.7(2)
K>O 1.95(4) 1.73(3) 1.88(4) 2.42(5) 1.95(4) 2.08(4) 2.13(4)
P,Os 0.73(1) 0.71(1) 0.52(1) 0.26(1) 0.020(1) 0.020(1) 0.020(1)
Total 99.96 100.62 101.03 99.42 100.35 100.65 100.78
Silicate LA-ICP-MS — ppm
\% 182(18) 209(21) 191(19) 216(22) 24(3) 7.5(7) 1.0(1)
Cr,0;3 wt% 0.017(2) 0.027(3) 0.018(2) 0.024(2) 0.0072(7) 0.0029(3) 0.00050(5)
Co 0.40(4) 1.8(2) 0.50(5) 8.6(8) 8.0(8) 4.0(4) 0.90(9)
Ni 1.72) 1.9(2) 1.0(1) 29.5(3.0) 1.7(2) 0.85(8) 6.0(6)
Cu 2.7(3) 3.1(3) 2.1(2) 3.203) 1.5(2) 0.90(9) 0.90(9)
Zn 44.4(4.4) 63.6(6.4) 42.0(4.2) 59.4(5.9) 7.1(7) 4.6(5) 3.3(3)
Ga 8.3(8) 8.7(8) 7.4(7) 4.0(4) 1.7(2) 22(2) 4.2(4)
Pd 0.60(6) 5.52(55) 0.38(4) 3.27(33) 3.2(3) 2.7(3) 2.9(3)
Ag 0.047(5) 0.13(1) 0.041(4) 0.53(5) 0.49(5) 0.31(3) 0.042(4)
Pb 0.74(7) 0.94(9) 0.50(5) 0.76(8) 0.046(5) 0.048(5) 0.050(5)
Metal EMPA — wt%
Si n.d. n.d. n.d. n.d. 2.85(6) 7.81(16) 15.73(31)
P 0.150(3) 0.230(5) 0.340(7) 0.54(1) 0.73(1) 0.52(1) 0.76(2)
Au n.d. n.d. n.d. n.d. 0.030(1) 0.030(1) 0.030(1)
Pd 6.02(12) 5.38(11) 4.94(10) 4.61 3.94(8) 3.25(7) 2.79(6)
Fe 93.40 (1.87) 93.89 (1.88) 95.22 (1.90) 93.73 (1.87) 91.81 (1.84) 88.03 (1.76) 78.75 (1.58)
Ni n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Metal LA-ICP-MS — ppm
A% 9(1) 24(2) 8(1) 15(2) 422(42) 460(46) 605(61)
Cr 37(4) 62(6) 61(6) 100(10) 674(67) 714(71) 790(79)
Mn 60(6) 163(16) 38(4) 61(6) 872(87) 1734(173) 3734(373)
Co 159(16) 135(14) 133(13) 125(13) 115(12) 106(11) 115(12)
Ni 698(70) 597(60) 572(57) 588(60) 536(54) 471(47) 497(50)
Cu 220(22) 200(20) 192(19) 203(20) 178(18) 156(16) 149(15)
Zn 88(9) 85(8) 121(12) 170(17) 381(38) 367(37) 568(57)
Ga 35(4) 38(4) 39(4) 47(5) 46(5) 43(4) 48(5)
Ag 0.20(2) 0.20(2) 0.30(3) 0.90(9) 0.60(6) 0.20(2) 0.20(2)
Pb 15(2) 16(2) 15(2) 23(2) 22(2) 17(2) 21(2)
Total 99.70 99.63 100.62 99.03 99.68 100.05 98.71
A Twideal —1.79 —-1.96 —2.27 —2.49 —5.69 —6.73 -7.22
A Twyactivity -1.29 —1.41 —1.67 —-1.83 —491 —5.88 —6.20
nbo/t 2.52 272 2.69 2.07 1.66 1.63 1.67
D(Pd) 1.0 x 10° 9.7 x 10° 1.3 x 10° 1.4 x 10* 1.2 x 10* 1.2 x 10* 9.5 x 10°
(%) 0.1 x 10° 1.0 x 10° 0.1 x 10° 0.1 x 10* 0.1 x 10* 0.1 x 10* 0.9 x 10°

skeletal-shaped, quench silicate crystals (Fig. 1). Metallic
liquids also do not quench to a glass, but rather a matte
of quench crystals. Both phases must be analyzed with a
larger beam size and averaged over many points to
obtain a representative analysis of the run products. This
approach has been discussed and reported in detail by
Righter et al. (2017). Some studies of HSEs report the
stability and existence of micronuggets of the HSE
metal, such as Pt or Pd (e.g., Malavergne et al., 2016;
Ertel et al., 2006). We observed no HSE micronuggets
in our experiments (Fig. S1; Supplementary Informa-
tion), and any HSE particles that appeared as “spikes”
in the analysis of the glasses could be filtered out during

the data reduction, as also explained by Righter et al.
(2015).

4.2. Oxygen fugacity

To promote more reduced conditions in the experi-
ments, Si metal was added to the metal phase because
increased Si content will cause a decrease in fO,. Oxygen
fugacity was calculated relative to the iron-wistite (IW)
oxygen buffer using the expression AIW = —2log [Xg./
Xreol] The AIW values ranged from ~—1.8 for Si free runs
compared to as low as —7.8 for Si bearing runs (Tables 1-3).
If activities of Fe and FeO are considered, the equation
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Table 3
Pt series.

Pt0 Pt2 Pt4 Pt o6 Pt 10 Pt 4B Pt 6B Pt 10B
Silicate EMPA — wt%
Sio, 30.5(1.5) 31.2(1.6) 31.6 (1.6) 32.8(1.6) 41.9(2.1) 42.3(2.1) 43.6(2.2) 43.9(2.2)
TiO, 3.52(7) 3.72(7) 3.73(7) 3.62(7) 3.67(7) 3.61(7) 3.45(7) 2.15(4)
ALO; 10.5(5) 11.7(6) 11.9(6) 11.9(6) 12.3(6) 11.5(6) 12.1(6) 11.8(6)
FeO 12.35(25) 9.83(20) 8.11(16) 5.34(11) 0.67(01) 0.110(1) 0.030(1) 0.010(1)
MnO 0.160(1) 0.160(1) 0.170(1) 0.170(1) 0.170(1) 0.120(1) 0.080(1) 0.030(1)
MgO 24.2(1.2) 23.0(1.2) 25.5(1.3) 28.8(1.4) 24.0(1.2) 25.1(1.3) 22.3(1.1) 23.3(1.2)
CaO 12.18(24) 13.57(27) 13.53(27) 12.68(25) 13.08(26) 12.38(25) 13.25(27) 13.22(26)
Na,O 3.6(2) 4.0(2) 3.7(2) 3.4(2) 3.5(2) 3.5(2) 3.7(2) 3.7(2)
K>O 1.94(4) 2.25(5) 2.06(4) 2.04(4) 1.99(4) 1.95(4) 2.18(4) 2.09(4)
P,0s 0.71(1) 0.67(1) 0.64(1) 0.40(1) 0.030(1) 0.020(1) 0.020(1) 0.010(1)
Total 99.65 100.17 100.92 101.21 101.23 100.54 100.69 100.2
Silicate LA-ICP-MS - ppm
Pt 5.1(5) 4.5(5) 4.7(5) 4.2(4) 4.1(4) 3.6(4) 3.2(3) 3.003)
Metal EMPA — wit%
Si 0.020(2) 0.020(2) 0.020(2) 0.020(2) 0.230(2) 2.77(6) 8.47(17) 17.57(35)
Fe 95.0(1.9) 95.0(1.9) 95.0(1.9) 93.73(1.87) 93.34(1.87) 91.81(1.84 88.03(1.76) 78.75(1.58)
P 0.100(1) 0.170(1) 0.240(2) 0.64(1) 0.89(2) 0.67(1) 0.842) 0.57(1)
Pt 5.11(10) 4.45(9) 4.7(9) 4.2(8) 4.1(8) 3.6(7) 3.2(6) 3.0(6)
Total 100.23 99.64 99.96 98.62 98.52 98.89 100.53 99.86
A TWide! —-1.83 —-2.00 —2.29 —-2.51 —4.45 —-5.71 —6.73 ~-7.19
A Twaetvity —1.30 —1.47 —1.59 —-1.93 —3.66 -5.15 —6.12 —6.77
nbo/t 2.69 2.45 2.50 2.50 1.70 1.75 1.56 1.62
D(Pt) 3.4 x 10° 2.0 x 10° 7.7 x 10° 5.9 x 10° 6.3 x 10° 8.0 x 10° 5.8 x 10° 9.6 x 10°
(+) 0.3 x 10° 0.2 x 10° 0.8 x 10° 0.6 x 10° 0.6 x 10° 0.8 x 10° 0.6 x 10° 1.0 x 10°
becomes AIW = —2log [ag./ag.o]. In this case ap, is calcu- element, by a factor of n/4 for each logfO, unit (e.g.,

lated using the epsilon interaction parameter model for
metallic liquids (see Supplementary Information), and ageo
can be calculated in silicate melt using the results of
Holzheid et al. (1997). AIW values calculated using activi-
ties instead of mole fractions are slightly higher, ranging
from IW-1.3 to -6.8 (Tables 1-3). Because most studies uti-
lize the first approach, we include those in the tables and
figures, but it is important to note the difference in these
approaches given the non-ideality in the Fe-Si system;
activities are used in all calculations. The range of AIW val-
ues for these experiments falls in the range typically consid-
ered during Earth’s core formation.

4.3. Comparison of partition coefficients to previous work and
Henry’s Law considerations

The partition coefficients for the Si-free experiments
reported here are near 10* for Au and 10° for Pd and Pt.
These values are in close agreement with the previous
results for Si-free Fe metallic liquids at the same or similar
conditions reported by Brenan and McDonough (2009),
Wheeler et al. (2011), Mann et al. (2012) and Righter
et al. (2015). Similarly, the results for Ga, Cu, Zn and P
reported here in the experiments with Si-free metallic lig-
uids, are in agreement with results reported by Corgne
et al. (2008), Righter et al. (2010), and Siebert et al.
(2011), with D(Ga) ~ 1-4, D(Cu) ~ 40-60, D(Zn) ~ 1-1.3,
and D(P) ~ 0.2-0.5. The results at lower fO,, however,
deserve some description and explanation. Traditionally,
partition coefficients at low fO, (<IW-4) are expected to
be higher than those at high fO,, with the extent of the
increase dependent directly on the valence (n) of the

Capobianco et al., 1999). This can be seen in several data-
sets across a wide fO, range (e.g., Newsom and Drake,
1983; Holzheid and Palme, 1996). However, at very low
fO,, Si alloys with Fe liquid, and the activities of trace ele-
ments are strongly affected by the Si (e.g., Tuff et al., 2011;
Righter et al., 2017), and the traditional slope of partition
coefficient and logfO, does not hold. This can also be true
of Fe-Ni alloys (Capobianco et al., 1999). In these cases,
and also in the present study, the trends of D(metal/silicate)
vs. logfO, are not only affected, but the partition coefficient
can still be quite low at low fO, due to the effects of Si. The
exchange coefficient of a trace element between metal and
silicate melt is constant at fixed T and P, and independent
of fO, as long as there are no valence changes in the trace
metal. Therefore, in this study, the deviation from the
expected InK with variable Si content can be used to calcu-
late the activity coefficient for a trace element in FeSi lig-
uids, as will be explained in the next section.

The concentration levels of Ga, Cu, Zn, Pb, and P in the
metals are low and close to natural levels, whereas the Au,
Pd, and Pt concentrations are higher and present at several
wt%. The activity coefficient approach used below utilizes a
correction to infinite dilution, so the metals in these
experiments do not need to be corrected for non-Henrian
behavior — this is accounted for in the activity treatment
(see Supplementary information).

4.4. Determination of epsilon interaction parameters
Measured P, Au, Pd, Pt, and other siderophile elements

were used to calculate metal (met) - silicate (sil) exchange K,
according to this equation:
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Fig. 1. BSE images of Pd-4B, Au-6B, and Pt-6. For each experiment, images on the left show the bright white metallic liquid, and lighter gray
silicate melts which mostly quenched to glass (but there are regions where quench crystals formed in the glass, too). Images on the right show
close up of phases in the quenched metallic liquids. All experiments were carried out in MgO capsules, which reacted slightly with the silicate

melt.

MOn/ZSﬂ + (IZ/Z)FCmaL = Mmel + (H/Z)FCOSH (1)
Expanding Eq. (1),

metal [ ,silicate]"/2
[a3" " |lare™]

In K =In Feo,,n/z
[arowlar"]
meta silicate)"/2 meta silicate]/2
i e Gl v

n/2 metal

[VMo(n/2>] [V

2)
silicate metal n/2 (
X o0 X7 J

ymetal [ysilicate/2 . L
% and following a similar
X0 Xz

approach to Wood et al. (2014), we assume the ratio of

Jsilicate) |
oxide activity coefficients in the silicate, [Lfﬁig,e ]], is constant
'MO(n)2)

We set K; =

since the silicate melt compositions are nearly constant in
this study. On the other hand, the metal composition varies
significantly in Si content and the ratio of activity

[“/X'fm’]
25
[y;r/x’etal ] n/

coefficients in the metal, is dependent upon varia-

tion in metal composition. The above equations can be
re-arranged to yield:

In K, = constant + n/2 Inyp® — Inyyee! (3)

When (3) is combined with Inyyee = Inymnetal 4
InyY, — & In(1 — Xg;) it becomes
In K; — (n/2 — 1) Inyp! = const — InyY, + & In(1 — Xs;)
(4)
Here 79, is the activity coefficient of M at infinite dilu-
tion, yne is the activity coefficient of Fe in Fe metal (calcu-
lated as described in the Supplementary Information), and
&y is an interaction parameter (e.g., Lupis, 1983) that can

be used to isolate the effect of a solute such as Si (in Fe
metallic liquid) on the activity of a trace element such as
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Fig. 2. InK{Fe-P)-1.5In(yg.), InK(Fe-Ga)-0.5In(yg.), InK {Fe-Zn), and InK (Fe-Cu) + 0.5In(yg.) versus In(1—Xg;) from experiments across a
wide range of Si contents in metallic Fe. The slope of the lines yields the interaction parameter for each — ¢p, £Ga, £zn, and écy, - in Fe-Si liquids.

As, Sb, Ge, and In (Righter et al., 2017). The slope
of InK, versus In(1-Xg;) gives &5 directly for each element
at 1600 °C.

Using this approach, we have determined & for a large
number of siderophile elements, including P, Au, Pd, Pt,
Ga, Cu, Zn, and Pb, by a linear fit to the data, with the
standard error (in parentheses below) and the fits passing
variance tests in SigmaPlot 12.0. Phosphorus data com-
bined from the three series of experiments all at 1600 °C
and in MgO capsules yield an epsilon interaction parameter
of 66(15) (Fig. 2). Gold, Pd, and Pt have positive epsilon
parameters, 21.2(3.4), 17.4(8.0), and 27.4(8.2), respectively,
indicating that dissolved Si causes a decrease in their parti-
tion coefficients (Fig. 3). Ga, Cu, Zn and Pb all have posi-
tive epsilon values, also indicating that dissolved Si causes a
decrease in the partition coefficients; values are 26.1(5.1),
4.1(1.5), 5.5(0.8) and 11.2(1.3), respectively, at 1 GPa and
1600 °C (Figs. 2 and 3). Ni, Co, and Cr all have positive
epsilon values of 13.8(3.8), 14.7(7.7), and 5.0(1.7), respec-
tively, again indicating that dissolved Si causes a decrease
in the partition coefficients. Vanadium and Mn, on the
other hand, have negative epsilon parameters of —1.4(1.2)
and —3.8(1.2), respectively, indicating that Si will cause a
very slight increase in D(V) and D(Mn) metal/silicate with
Si present in the metallic liquid (Fig. 4). Several elements —
Au, Pd, P and Ga — exhibit non-linear behavior, so we also
fit these elements to low- and high-Si regions and use them
in modelling (see Supplementary data).

4.5. Comparison to previous work, and to interaction
parameters for Fe-S metallic liquids

Comparison of our newly determined epsilon parame-
ters to previous studies shows overall agreement between
values measured by Tuff et al. (2011) for Ni (7.5), Co
(4.6), V (2), Cr (0.03), and Ga (9.98), (Tuff et al., 2011;
Blanchard et al., 2015). These values are similar to, or
slightly lower than (within error), the values measured in
this study, with the differences likely due to calculation pro-
cedure or slight differences in melt composition. Our new
values for P, Cu, Zn, Ga, Au, Pd, Pt, and Pb demonstrate
that D(metal/silicate) will be reduced for all elements with
the addition of Si to the metallic liquid. Furthermore, the
effect of Si is much stronger than S for P, Au, Pd, Pt, In,
Ge, Sb, As, Ga, Ni, Co, and for Cu, Zn, and Pb, Si causes
a decrease in D(metal/silicate) whereas S causes an increase
(i.e., these are truly chalcophile elements; Fig. 5).

4.6. Calculation of activity coefficients in Fe-Ni-Si-C-S
liquids

The activity model of Ma (2001) and Wade and Wood
(2005) was coded in MATLAB, and expanded to include
the newly acquired epsilon interaction parameters in Fe-Si
liquids for Au, Pd, Pt, P, Ga, Cu, Zn, and Pb obtained here,
and for As, Sb, Ge, and In (Righter et al., 2017), as well as
previously determined epsilon parameters for S and C for
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Fig. 3. InK(Fe-Au) + 0.5In(yge), InK (Fe-Pd) + 0.5In(yge), InK (Fe-Pt), and InK(Fe-Pb) versus In(1-Xg;) from experiments across a wide
range of Si contents in metallic Fe. The slope of the lines yields the interaction parameter for each — gay, €pg, &p, and éepy, - in Fe-Si liquids.

these elements (Steelmaking Data Sourcebook, 1988; Wood
et al., 2014). This updated model allows us to calculate the
activity of Au, Pd, Pt, P, Ga, Cu, Zn, Pb, Ge, In, As, and Sb
in Fe-Ni-Si-S-C metallic liquids. As an example of how
large the effect of Si can be, these epsilon values correspond
to activity coefficients (y) for Zn and Ga, for example of ~1
when Xg; =0, up to y~3 when Xg=0.2 (Fig. 06).
Similarly, y increases by a factor of nearly 10 across this
range for Cu, Au, Pd, and Pt, and changes by 6 orders of
magnitude for P due to the large interaction parameter
for P measured in this study. It is clear that Si has an
enormous effect on the activity coefficient and metal-
silicate partitioning behavior of P.

Why does Si have a large effect on the activity coeffi-
cient? Righter et al. (2017) argued that lower epsilon values
may be expected for elements that have a greater tendency
to form silicides such as Mn, Ni, Cu, Au and Pd, whereas
higher epsilon values may be expected for elements that
have a lower tendency to form silicides. Support for this
comes from Bi, Sn, Ga, Sb, and In, none of which form sili-
cides in M-Si phase diagrams, and all have positive and
high values. However, these trends should only be consid-
ered a general guide and not a fixed rule as there are some
exceptions such as Zn which has a low epsilon value yet also
has no silicides in this phase diagram (Olesinski and
Abbaschian, 1985).

5. DISCUSSION

5.1. Application to metal/silicate partitioning and core
formation in Earth

We combine the new activity model with a compilation
of partitioning data for Au, Pd, Pt, P, Ga, Cu, Zn, and Pb,
and apply the results to Earth (with a likely Si-rich core) by
calculating the resulting mantle concentrations of these ele-
ments during a simple continuous accretion model, aspects
of which are described below.

5.1.1. Calculating mantle concentrations of siderophile
elements

Equilibration occurs instantaneously, so that as Earth
grows during accretion there is constant re-equilibration
between the core-forming metal and mantle (e.g., Deguen
et al., 2014; Kendall and Melosh, 2016). The equation used
to calculate mantle concentrations is:

Ci _ CZ:{lk
LS — i i
b+ (1 *P)DSS/LS] + (1 =x) [DLM/LS]
where x is the fraction of silicate, p is the fraction of molten
silicate, C ;, is the bulk concentration (by weight) of side-

rophile element (which here is volatile depleted CI chon-
drite; see also Righter et al., 2017), C} the concentration

()
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Fig. 4. InK(Fe-Ni), InK(Fe-Co), InK (Fe-Mn), InK {(Fe-V), and InK (Fe-Cr) versus In(1—Xg;) from experiments across a wide range of Si
contents in metallic Fe. The slope of the lines yields the interaction parameter for each — enj, &co, €mns €v, and &c; - in Fe-Si liquids.

(by weight) of siderophile element in the liquid silicate,
Di /s 18 the partition coefficient (by weight) between solid
silicate and liquid silicate, and D, s (=D(M) here) is the
partition coefficient (by weight) between liquid metal and
liquid silicate (Righter et al., 1997). For Earth calculations,
x =0.68, and p = 0.6, which reflects an intermediate depth
magma ocean (e.g., Wood, 2008; Righter, 2011) and DQM/LS
is calculated using:

In D'(M) =1n D(M) +Iny(M),..,
=aln fO, + b/T + cP/T + d(nbo/t) + e (6)

and the regression coefficients (a through e) are given in
Table 4. Digg), ¢ is <1 for all elements and specifically b

=0.5, D9*=0.3, D" =08, D**=0.01, D" =0.1, D™ =
0.1, DA*=0.1, and D™ =0.05, based on the studies of
Davis et al. (2013), Sharp et al. (2015), Righter et al.
(2015), Righter and Drake (2000), and Michely et al.
(2017). The y(M)me values are calculated as described in
Section 4.6, with Ga, Au, Pd, Pt, and P activity coefficients
using epsilon interaction parameters for high and low Si
metal contents, as described in the Supplementary Informa-
tion and presented in Figs. 7-11, and 14. As one might
expect, Si content of the metal and fO, are related — in
our calculations, changing fO, will change the Si content
of the metal, and that will change the activity coefficient
Iny(M), so these connected parameters are all accounted
for.
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Regression coefficients for partitioning expressions”. InD(M) = alnfO, + b/T + cP/T + d(nbo/t) + ¢ — Iny(M) e (Eq. (6)).

Pb lo Pd lo Au lo Pt lo

Table 4

P lo Zn lo Ga lo Cu lo
a -1.06 0.11 -0.76 0.06 —0.895 0.08 —0.083 0.061
b =70621 6500 —48650 4500 —63068 2500 —5290 4600
¢ 2039 170 891 90 1024 63 —-346 310
d -1.23 0.19 0.16 0.09 -1.13 —-0.35 024
e 17.23 1.87  6.77 1.40 173 1.2 7.93 2.88
n 122 96 169 50
” 082 0.81 0.77 0.88
2¢ 1.51 0.61 1.18 0.94

-0.51 008 —-0.18 0.02 -0.165 0.02 +0.19 002
—36263 5900 +29740 2900 +18345 1600 +31130 2700
331 186 —-9.28 5.61 205 99 835 I35
+0.062 0.03 +043 024 —-052 0.20 0.60 0.28
15.13 288 —-5.63 196 —0.097 0.83 2.46 1.75

76 144 85 158
0.78 0.81 0.93 0.88
1.14 1.30 1.08 0.93

Bold indicates the coefficient value, and italics indicate 1 sigma error the coefficient.
4 P, T, fO, range and references used in the regressions are summarized in Supplementary Information.

The regression results for partition coefficients for Au,
Pd, Pt, P, Ga, Cu, Zn, and Pb are summarized in Table 4,
and include additional partitioning data summarized in the
Supplementary Information. The datasets used cover a very
wide range of pressure, temperature, fO,, and silicate melt
compositions. In some experiments involving HSEs, HSEs
are present in 3-5 wt% levels in the metal and have been
corrected to infinite dilution in order to ensure that Henry’s
Law is obeyed (e.g., Mann et al. (2012) and; Righter et al.
(2015). Although there is some uncertainty in the valence
of siderophile elements under ultra-high pressure and tem-
perature conditions, the values of the InfO, coefficient
derived here are consistent with Au'", Pd'", Cu'", Zn?",
Pb>", Ga**, and P°" (Table 4); there is no evidence for a
valence change for any of these elements (e.g., Corgne
et al., 2008; Righter et al., 2010; Siebert et al., 2011).
Platinum, on the other hand, perhaps expected to be 2+
or 4+ at terrestrial mantle conditions (FMQ), appears to
undergo a valence change at fO, range relevant to core for-
mation, such that Pt may be only weakly dependent upon
fO,. This behavior is suggested by the low and positive
value of our ‘a’ regression coefficient here, but also from
several previous independent studies (Medard et al., 2016,
2015; Bennett et al., 2016).

5.1.2. P-T-fO; during accretion of Earth — hot or cool magma
ocean, reduced or oxidized?

There is some debate about the specific PT conditions of
metal-silicate equilibrium, and whether the oxygen fugacity
in the mantle changed during accretion or was relatively
constant. First, studies of peridotite melting relations have
revealed uncertainty in the liquidus temperatures — Fiquet
et al. (2010) favor a hotter liquidus, while Andrault et al.
(2011) favor a relatively cool liquidus. The differences in
the melting curves are most pronounced at pressures greater
than 20 GPa, and at 50 GPa the temperature difference is
nearly 1000 K. These two different results have fundamen-
tal implications for the early thermal history and develop-
ment of the mantle, and therefore it seems prudent to
consider both scenarios to evaluate the resulting siderophile
element concentrations for each. As a result, we carry out
calculations along the PT conditions of the liquidus for
both scenarios. Second, modelling suggests that fO, started
low and eventually became higher during accretion (e.g.,
Wood et al., 2006; Rubie et al., 2011), whereas some recent
calculations indicate that fO, may have decreased or

changed only slightly during accretion (Righter and
Ghiorso, 2012a,b; Siebert et al., 2013, respectively). There-
fore, two accretion models are considered for Earth — rela-
tively constant fO, and increasing fO, - and include the
evolving S, C, Si content of the core (Fig. 7b), and FeO con-
tent of the mantle (Xg.o = 0.01-0.06) as accretion proceeds
(Fig. 7a). For these scenarios, the core metallic liquid S, C,
and Si composition is calculated according to the metal-
silicate partitioning studies of Siebert et al. (2013),
Boujibar et al. (2014), and Chi et al. (2014), respectively.
The compositional variation also causes orders of magni-
tude change in the activity coefficient of the trace SE
(Fig. 7c). And finally, we consider metallic liquids that
are Si-bearing and Si-free, to illustrate the specific effect
of Si on the partitioning.

5.1.3. Investigation of PT gradient, fO, and Si content

When the activity variations are combined with pres-
sure, temperature, fO,, and melt compositional effects
(Eq. (6)), the mantle abundances of these elements resulting
from metal-silicate equilibrium can be calculated in several
scenarios for the deep molten early Earth (Eq. (5)). For, P,
Ga, Zn, Cu, and Pb, it is possible to explain Earth’s mantle
abundances of these elements by metal-silicate equilibrium
near 50 GPa, 3800 K, with variable fO,, and a Si-rich core
(10% Si, 2% S and 1% C). Such a scenario with a Si-bearing
core is consistent with moderately siderophile refractory
elements Ni, Co, Mo, and W (e.g., Siebert et al., 2011), that
also suggest a core-mantle differentiation at high pressure
with Si as a dominant light element (Tuff et al., 2011;
Righter et al., 2016). At those conditions, Au, Pd and Pt,
on the other hand, become higher than observed in Earth’s
mantle. They require a process that removes them from the
mantle, such as a sulfide-rich Hadean matte (see Sec-
tion 5.1.4). The sensitivity of these results to liquidus
temperature, redox path, and metallic liquid composition
are discussed separately below.

5.1.3.1. Hot vs. cool magma ocean. Pt, P, Ga, and Zn are not
sensitive to temperature differences in the metal-silicate
equilibrium and are easily explained by either the hot or
cool scenario (calculated along variable fO, curves in
Figs. 8a, 9a, and 11a). Cu and Pb exhibit some dependency
on temperature and shows a closer match to PUM values at
the hotter conditions of the Fiquet et al. (2010) melting
curve. Au and Pd show significant temperature dependence
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oxidized (IW-2)) and compositional change (mainly that Fe
metallic liquid becomes more Si-rich) shown in Fig. 7B.

which means that the cooler liquidus of Andrault et al.
(2011) favors a match to PUM values at higher pressures
than the hotter liquidus of Fiquet et al. (2010) (Figs. 10a
and 11a).

5.1.3.2. Variable vs. constant fO,. Zn, Au, Pd and Pt, all
with low valence in silicate melt, are not sensitive to fO, dif-
ferences in the metal-silicate equilibrium and PUM values
are easily attained in either the variable or constant fO, sce-
narios (calculated along the hotter PT gradient in Figs. 8b,

10b, and 11b). Cu and Pb exhibit some dependency on fO,
and show a closer match to PUM values at the variable fO,
conditions (Fig. 10b). P and Ga show significant depen-
dence on fO, which means that the reduced to oxidized
accretion path leads to a match to PUM values at high
pressures of 35-50 GPa (Figs. 8b and 9b). In comparison,
the constant fO, accretion scenario leads to much lower
Pb and P abundances, and higher Ga abundances in the
PUM (Figs. 8b, 9b, and 10b).

5.1.3.3. Effect of Si in the core. The final variable to explore
is the effect of Si specifically. We calculate mantle concen-
trations for all elements along the hotter PT gradient and
for the variable fO, accretion scenario, where one case con-
tains Si, S, and C alloyed in the metal and the other only S
and C. Zn and Cu, both with small positive interaction
parameters with FeSi liquids are not especially sensitive
to Xg; in the core forming metallic liquid; PUM values
are easily explained in either the Si-S-C or S-C metallic lig-
uids scenario (calculated along the hotter PT gradient in
Figs. 8c and 9c). Au, Pd, and Pt, all with moderately high
and positive interaction parameters with FeSi liquid, are
slightly more sensitive to Xg; in the core forming metallic
liquid. PUM values of Au, Pd and Pt are attained at even
lower pressures easily explained in either the Si-S-C or S-
C metallic liquids scenario (calculated along the hotter PT
gradient in Figs. 10c and 11c); in fact, the concentrations
become too high at the 35-50 GPa range where other ele-
ments are easily explained. This overabundance will be
addressed in Section 5.1.4. Pb exhibits some dependency
on Xg; in the core forming metallic liquid and shows a clo-
ser match to PUM values when a Si-bearing metallic liquid
is involved (Fig. 10c). P and Ga show the most significant
dependence on Xg;. The calculations with Si-bearing metal-
lic liquids lead to a good match to PUM values whereas the
Si-free metallic liquid scenario leads to Ga and P abun-
dances in the PUM that are too low by several orders of
magnitude (Figs. 8¢ and 9c). Specifically, the Si-free metal-
lic liquid scenario leads to higher D(Ga) and D(P) and
demonstrates that high Si core forming metal is required
to explain the depletions of Ga and P. The role of Si is at
face value counter-intuitive — one might expect a lower
fO, to cause a much higher D value. But, because dissolved
Si in Fe causes avoidance of so many trace siderophile ele-
ments (Ge, In, As, Sb from Righter et al., 2017; Ga, P, Cu,
Zn, Pb — this study) the metal/silicate Ds. at lower fO, stay
low, and metal-silicate equilibration produces elevated trace
siderophile element concentrations in the silicate (or the
mantle in the case of our modelling).

5.1.3.4. Summary. The HSE examined here — Au, Pd, and
Pt — all become overabundant in the primitive upper mantle
in the scenario of core-mantle equilibration during accre-
tion. Recall that Righter et al. (2008) argued the Pd could
be explained by a deep metal-silicate equilibrium. Although
this conclusion is still valid for Pd alone, an explanation for
Au, Pd, and Pt combined requires slightly lower PT condi-
tions than those required of ~15 other MSE and WSE (Ni,
Co, Mo, W, P, Ga, Ge, Cu, Sn, Sb, As, In, Mn, V, Cr; e.g.,
Righter, 2011; Wade et al., 2012; Righter et al., 2017; this
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Fig. 8. Variation of P and Zn concentrations in an evolving magma ocean as accretion proceeds, with attention to three different variables —
temperature, fO,, and Si content of the metal. The top two diagrams illustrate the effect of temperature, with one path calculated for a hotter
liquidus after the phase equilibria of Fiquet et al. (2010), and a cooler liquidus after Andrault et al. (2011) (both using an fO, path of reduced
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study), and indicates the difficulty of explaining the MSE,
WSE and HSE mantle abundances in a single set of condi-
tions or single accretion pathway. Instead the HSE require
multi-stage processes that will be explained below.

5.1.4. Post core formation processes

The overabundance of Au, Pd, and Pt in the mantle pre-
dicted by the metal-silicate equilibrium modelling above
causes a problem that is the opposite to that previously
and traditionally argued in which the mantle is stripped
of HSEs due to the Dygg > 1000 during metal-silicate equi-
librium (e.g., Chou, 1978; Holzheid et al., 2000; Mann
et al., 2012; Brenan and McDonough, 2009). In this tradi-
tional hypothesis, the near chondritic relative HSE contents

are produced by the addition of a late veneer after core for-
mation. Problems with this overall concept were noted by
Righter et al. (2008, 2015), Wheeler et al. (2011), and
Bennett et al. (2016) all of whom showed that Au and Pd
contents of the PUM could quite easily be attained or even
exceeded by metal-silicate equilibrium at high PT condi-
tions. The new results reported here for Fe-Si alloys exacer-
bate the problem. This overabundance may obviate the
need for standard late veneer addition to achieve PUM
HSE levels, and instead requires the opposite — a removal
mechanism. Here we consider two post core formation
mechanisms that may have lowered the HSE content of
the BSE as a deep magma ocean crystallizes — a late
reduction, and a late sulfide matte. The late veneer is also
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Fig. 9. Variation of Ga and Cu in Earth’s silicate mantle as accretion proceeds, for the same three examples of variable temperature, fO,, and

metallic liquid composition described in Fig. 8.

discussed as a way to augment the HSE content of the man-
tle and establish the chondritic relative concentrations of
the 8 HSE.

5.1.4.1. Late reduction in a shallow magma ocean. Because
Au, Pd, and Pt contents of Earth’s mantle may have been
quite high after formation of a deep magma ocean, there
must be a mechanism to remove HSEs from the mantle.
Here we consider two possibilities: late reduction caused
by accretion of reduced material, or reduction caused by
isolation of the mantle from the atmosphere by a proto-
crust. Because a late veneer may have been metal-
bearing material like EH chondrites (Burkhardt et al.,
2011), it is natural to consider what if a metal-bearing late
veneer was added during the crystallization of a magma
ocean? A metal-bearing late veneer could be an HSE
removal mechanism because the addition of metal that
gets intimately mixed into and equilibrated with the

magma ocean would concentrate HSEs and remove them
as metal ultimately sunk to the base of the magma ocean.
As crystallization progresses from the bottom up
(Solomotov, 2007), the magma ocean would become shal-
lower and any metal precipitated from or added to the
mantle would be Si-poor relative to the deeper core
forming metal. Thus, the D(Au), D(Pd), and D(Pt)
metal/silicate would be higher than during the deep
magma ocean event and be able to remove Au, Pd and
Pt from the mantle.

A second possibility is that after formation of Earth’s
protocruast and isolation of the mantle from the atmo-
sphere, there may have been volcanic outgassing that could
have caused reduction of the mantle. Because the mantle
was reducing early in this stage of Earth’s history, not much
reduction would be necessary to stabilize a small amount of
metal that could serve as a host phase for HSE and remove
them to the base of the mantle.
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Fig. 10. Variation of Pb, Au and Pd in Earth’s silicate mantle as accretion proceeds, for the same three examples of variable temperature, fO,,

and metallic liquid composition described in Fig. 8.

We consider a scenario where a deep magma ocean crys-
tallizes from 50 GPa to depth of 20 GPa (~80% crystalliza-
tion), and then either a metal-bearing late veneer is added,
or a small amount of metal is stabilized during a reduction
process during degassing. With a metal-silicate segregation
event and involving only a small fraction of metal (0.005
mass fraction; Fig. 12), this would be one way of removing
HSEs from the mantle, while not affecting MSE such as Ni,
Co, and W. This idea is perhaps consistent with the Marchi
et al. (2018) concept of a late impactor population affecting
Earth, but instead of adding HSE’s it removes them
because the veneer contains a small amount of metal that
segregates to the bottom of the molten mantle. If this late
veneer material is like E chondrites it will have O, Ru
and Mo isotopic characteristics like Earth (Fischer-Godde
and Kleine, 2017). One challenge for this scenario might
be how to efficiently segregate a small amount of metal

through to the base of the magma ocean, but otherwise it
could quantitively explain the mantle Au, Pd and Pt con-
tent (Fig. 12).

5.1.4.2. Late sulfide matte. Another concept that allows
removal of HSEs and chalcophile elements from the mantle
is that of a late Hadean sulfide matte (e.g., O'Neill, 1991;
Ballhaus et al., 2017). Because sulfide liquids have a strong
affinity for HSEs and other chalcophile elements, they
could be called upon to remove these elements from the
mantle, and some argue that such a sulfide segregation
would have established the Sn and Pb contents of Earth’s
mantle, for example (Ballhaus et al., 2017). For this mech-
anism to work, sulfide saturation must occur at the condi-
tions relevant to an evolving magma ocean. Sulfide liquid
will stabilize in a magma ocean when the silicate melt
attains the saturation limit with respect to S, or the sulfur
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Fig. 11. Variation of Pd and Pt in Earth’s silicate mantle as accretion proceeds, for the same three examples of variable temperature, fO,, and

metallic liquid composition described in Fig. 8.

content at sulfide saturation (SCSS). The SCSS is known to
be pressure dependent with the solubility of S decreasing
SCSS at higher pressure, and of course is highly studied
and relevant to the stability of sulfides at crustal magmatic
conditions where sulfide can crystallize from basic melts
(e.g., Haughton et al., 1974; Holzheid and Grove, 2002;
Righter et al., 2009; Ding et al., 2014). Because of this, a
magma that is saturated with sulfide at high pressure, will
become immediately undersaturated as it rises to shallower
depths. As a result, a magma may be saturated with sulfide
at great depth, but undersaturated at shallower depths until
there has been sufficient silicate crystallization to drive the S
contents to higher values. To apply this concept to a terres-
trial magma ocean, we must have an understanding of the
SCSS for a peridotite magma ocean. Studies on peridotite
liquids of Li and Agee (2001), Boujibar et al. (2014), and
Laurenz et al. (2016) across a wide range of pressures,
can be used to estimate the SCSS for peridotite melts. Con-
sideration of these studies shows that S contents for SCSS

are near 1000 ppm at PT range of ~25 GPa and 2400 °C,
and increase to 4000-6000 at the lower PT range of ~3

GPa and 1800 °C (Fig. 13). The implication for the early
Earth is thus that the SCSS will be very low at high pressure
conditions, but once magma ascends it will become imme-
diately sulfide-undersaturated at shallower conditions. A
convecting magma ocean will thus experience cyclical satu-
ration and under saturation as a S-bearing packet of
magma ascends and descends in a convective cell, and sul-
fide saturation — if it occurs — will be at the deeper portion
of the magma ocean.

Whether an early magma ocean will saturate with sulfide
at all depends on how much S is present after core forma-
tion. If S-bearing core-forming metal equilibrated with a
magma ocean at high pressures, as advocated by many
(e.g., Righter et al., 1997, Wade and Wood, 2005;
Righter, 2011; Rubie et al., 2011; Labidi et al., 2013; Suer
et al., 2017), D(S) metal/silicate will vary from ~10 to
250, producing increasingly S depleted magma ocean with
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increasing depth (Fig. 13). In fact at all pressures, the S con-
tent of a magma ocean will be lower than the SCSS (e.g.,
650 ppm at 50 GPa). It will only be possible to drive magma
ocean S contents high enough for saturation in a deep
magma ocean after a significant amount (~50%) of crystal-
lization of the magma ocean (~30 GPa — gray symbols in
Fig. 13), for two reasons. First, because S is incompatible
in deep mantle silicates it would be increased in the melt
during crystallization. Second, the temperature drops that
would accompany crystallization (~100 °C at ~3-5 GPa,
and ~250 °C at 40-50 GPa, according to the liquidus and
solidus relations of Andrault et al., 2011), would cause
the SCSS to drop to lower values (Fig. 13). However, even
so, once sulfide is removed from the system, the S content
of the magma ocean is decreased overall and would require

even more crystallization (and temperature drop) to satu-
rate again. This process would have a limited lifetime and
could only support a small amount of sulfide saturation
before the supply of S would become too low to reach
SCSS.

Given these constraints and challenges, and assuming
that there is a way to crystallize a deep magma ocean by
50% and thus to saturate sulfide at its base, we can calculate
the effect on the HSE contents. We use two sets of D(Au), D
(Pd), and D(Pt) sulfide/silicate liquid partition coefficients
to illustrate the range of outcomes with the existing
partitioning data - Mungall and Brenan (2014) determined
at 1 GPa and Laurenz et al. (2016) determined at 11 GPa.
Use of either set of partition coefficients shows that it is
possible to lower Au, Pd, and Pt concentrations with
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equilibria of Andrault et al., 2011). Solid circles are for liquidus
temperatures and shaded circles are for 50% crystallization (again,
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libria of Andrault et al., 2011). S content of post core formation
magma ocean (MO; 100% molten = black triangles and 50%
crystallized = gray triangles) shown for comparison to SCSS.
Dashed lines connect the fully liquid SCSS and MO, while solid
lines connect the 50% crystallized SCSS and MO. Fully molten
magma ocean will have S contents too low for sulfide liquid
saturation (solid symbol curves never cross), but as the magma
ocean starts to crystallize (arrows indicate increasing S contents
during crystallization), the S contents exceed that of saturation and
sulfide liquid saturation is possible at the deepest portion of a
magma ocean (at pressures deeper than the intersection point of the
shaded symbols). Sulfide liquids will not saturate under any
reasonable conditions at shallower than 15-20 GPa, because the
SCSS is higher than 1000 ppm.

segregation of ~0.2-1.0% sulfide from the magma ocean
(Fig. 14). If Mungall and Brenan (2014) values are used,
it is possible to lower Pd and Pt to approximately BSE val-
ues with 0.2% sulfide, but the Au values remain high due to
the lower D(Au) sulfide/silicate melt values. If the Laurenz
et al. (2016) Pd and Pt values are used (and Au of Mungall
and Brenan since Laurenz did not include Au), it is possible
to lower Au and Pt values to approximately BSE values
with ~1.0% sulfide, but the Pd values remain too high
due to the lower D(Pd) than D(Pt) measured by Laurenz
et al. (2016). If sulfide segregation is responsible for remov-
ing the excess of HSE from the PUM, then the sulfide will
also affect the chalcophile elements Bi and Cu (which have
D near 1000), but these are only minimally affected due to
the small amount of sulfide involved (see the example of Cu
in Fig. 14). For other chalcophile elements Ag, Pb, Co, As,
Mo, Zn, Sn, Sb, Cd, In, Mn, Cr, all of which have D(sulfide
liquid/silicate liquid) < 100 (Kiseeva and Wood, 2013; Li
and Audetat, 2015; Hart and Gaetani, 2016), a late sulfide
matte of this fraction would not significantly change the
concentrations in the magma ocean, and so these elements
are not sensitive indicators of a matte despite their
chalcophility.

In summary, the late sulfide matte hypothesis is a poten-
tially important way to remove HSE from the mantle, but
the resulting pattern is unlikely to have chondritic relative
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Fig. 14. Effect of sulfide liquid fractionation on concentrations of
the highly chalcophile elements Au (white symbols), Pd (gray
symbols), and Pt (black symbols), and the moderately chalcophile
element Cu (small diamonds). Horizontal shaded lines are BSE
mantle concentrations of the HSE — Au — white, Pd — gray, and Pt —
black. Top diagram uses the sulfide liquid/silicate liquid partition
coefficients of Mungall and Brenan (2014) determined at 1 bar and
1200 °C (D(Pd) = 4000, D(Pt) = 2 x 10*; with D(Au) = 10* as per
Mungall and Brenan (2014) since Au was not studied by Laurenz
et al., 2016). The bottom diagram uses the sulfide liquid/silicate
liquid partition coefficients of Laurenz et al. (2016) determined at
11 GPa and 2200 °C (D(Pd) and D(Pt) = 10%; D(Au) = 10%). Use of
the 1 bar data shows that Pd and Pt are lowered to values near BSE
values with segregation of from 0.2 to 0.3% sulfide from the mantle,
but Au remains too high because of its lower sulfide/silicate D. Use
of the 11 GPa data shows that Au and Pt are lowered to BSE levels
with segregation of ~1.0% sulfide from the mantle, but Pd remains
too high due to its lower value in the Laurenz et al. (2016) dataset.
The other chalcophile elements such as Ni and Bi and Cu (shown)
are largely unaffected by sulfide liquid fractionation due to their
smaller sulfide/silicate partition coefficients relative to the HSE (see
text for more discussion).

HSE abundances. One must keep in mind that this hypoth-
esis is only viable at the deepest pressures of the magma
ocean due to the pressure dependence of the SCSS and ini-
tial magma ocean S content. Sulfide/silicate liquid partition
coefficients have only been measured at relatively low pres-
sures - there may be a pressure effect on HSE partitioning
that should be examined in future studies.

5.1.4.3. Sulfide matte plus late veneer? We have seen that
segregation of a late sulfide matte can remove either Pd
and Pt, but not Au (or Pt and Au, but not Pd) to chondritic
relative values, but not all three together. The higher Au,
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(or Pd) in either scenario would require several % of sulfide
removal, which would remove almost all of the other two
elements. In other words, more HSE would have to be
added to bring the levels to the high and chondritic relative
concentrations again. So, in such scenarios, HSE need to be
added to the mantle, and an easy way to do this is through
addition of a standard late veneer (e.g. Rubie et al., 2016;
Righter et al., 2016b).

The concept of a late veneer originated in the 1970 s
when measurements of HSE in mantle materials showed
high and chondritic relative abundances that could be
explained by addition of chondritic material to the mantle
after the core had formed (Kimura et al., 1974; Chou,
1978). The late veneer concept expanded to be the source
of volatiles for Earth, coming in later and after a relatively
volatile-poor or volatile —free accretion process (e.g., Chou
et al., 1983; Morgan, 1986; Wang and Becker, 2013). Sup-
port for the late veneer has partially eroded as studies have
shown that metal/silicate partition coefficients for HSEs are
decreased substantially at the high PT conditions of core
formation (e.g., Righter et al., 2008; Mann et al., 2012), sul-
fur isotopes suggest that S in Earth’s mantle partially equi-
librated with metal (Labidi et al., 2013), Pd-Ag isotopes
indicate that Ag was added to Earth’s mantle in the later
stages of core formation (Schonbichler et al., 2010), and
Earth’s Mo and Ru isotopic compositions do not reflect
additions from volatile-rich or carbonaceous chondrite-
like material, but instead are akin to reduced and volatile-
poor materials like E chondrites (Dauphas et al., 2004;
Burkhardt et al., 2011). While the late veneer may only
represent a fraction of the Earth’s HSEs and volatiles,
and certainly not the end member it once was thought to
be, it must nonetheless be a consideration in explaining
aspects of HSEs and volatiles.

If a late sulfide matte removed Au, Pd and Pt to lower
than BSE values, addition of a late veneer could increase
them again to the near chondritic relative levels observed
in the PUM. Addition of ~ 0.7% of Earth’s mass of chon-
dritic material would allow this to happen. This last
scenario then, the Earth’s concentration of Au, Pd, and
Pt would require a multi-stage process of core-mantle
equilibrium, removal of a late sulfide matte, followed by
addition of a late veneer (Fig. 12).

6. SUMMARY AND FUTURE WORK

The epsilon interaction parameters for Au, Pd, Pt, Ga,
Cu, Zn, P, Pb, Ni, Co, Mn, and V have all been determined
for FeSi alloys at 1600 °C and 1 GPa. These new values indi-
cate that Si has a very large effect on the activity coeflicients
of Au, Pd, Pt, Ga, P, and a relatively small effect on Cu, Zn,
and Pb. Our values for Ni, Co, Mn and V are in agreement
with previous work. We present an updated epsilon interac-
tion parameter model that can calculate activity coefficients
for 31 trace siderophile elements in the Fe-S-C-Si system.

Ga, Cu, Zn, P, and Pb concentrations in Earth’s primi-
tive upper mantle can all be explained by metal-silicate
equilibrium at the base of a deep (40-60 GPa) magma
ocean during accretion. The specific effect of Si alloyed in
the core is important and calculations that include only S

and C (and no Si) yield P, Ga, and Pb concentrations lower
than measured in Earth’s primitive mantle. The final core
composition in the variable fO, model is 10.2% Si, 2% S,
and 1.1% C (or Xg; = 0.18, X5 = 0.03, and X = 0.04); con-
sistent with As, Sb, Ge, and In (Righter et al., 2017), and
also with moderately siderophile Ni, Co, Mo and W.

Concentrations of Au, Pd and Pt, on the other hand,
become too high at these conditions and require a removal
mechanism such as reduction involving segregation of
metal to the base of the magma ocean (accretion of reduced
material, or an indigenous process), or segregation of a late
sulfide matte. A late reduction event can effectively remove
HSE to levels close to those in the PUM, but would require
that such a small fraction of metal can efficiently segregate
through the mantle. Separation of a sulfide matte at the
base of a deep magma ocean is possible as long as the
magma ocean crystallizes to at least 50% and the extent
of sulfide segregation is ~0.2-1.0%. Any sulfide matte
model must also be consistent with the chalcophile elements
Ni, Cu, and Bi, whose concentrations will also decrease
with the segregation of such a matte. However, we show
that sulfide segregation would leave the mantle with low
and non-chondritic ratios of Au, Pd, and Pt. An explana-
tion for the near chondritic relative ratios of the HSE could
be provided by a combination of sulfide matte plus late
veneer — ultimately a three stage process.

Mn and P, two siderophile elements that are central to
biochemical processes (photosynthesis and tri-phosphates,
respectively), have significant and opposite interactions
with FeSi liquids, and whose mantle concentrations would
be notably different with a Si-free core.

These results suggest that accretion and core formation
(involving a Si, S, and C-bearing metallic liquid) were the
dominant processes establishing the HSE and volatile con-
tents of the terrestrial mantle. Late reduction or separation
of a sulfide matte (indigenous) combined with a late veneer
(exogenous) were possible secondary, but nonetheless
important processes establishing Earth’s mantle HSE con-
centrations. The viability of these scenarios and conclusions
could be tested several ways.

First, experimental data for O-bearing FeNi liquids are
needed to augment modelling for Earth or Mars where
some O solubility may occur — this would be a valuable goal
of future studies. We have some general impression of how
O might affect elements, but they may be misleading and
deserve further study. For example, the results of Chabot
et al. (2015) for effect of O on some elements in metallic
solid-liquid systems are in agreement with measurements
in metal/silicate systems (e.g., Ag, Mn, V and Cr all become
more siderophile in Fe-O liquids). However, there are also
discrepancies that cannot be explained - Blanchard et al.
(2015) demonstrate Ga becoming more siderophile with O
alloyed in the metal, while Chabot et al. (2015) show Ga
behaving indifferently to O content. Similarly, Wade and
Wood (2005) utilize negative epsilon interaction parameter
for Sn, As and Sb in Fe-O liquids, but Chabot et al. (2015)
report O avoidance (or positive epsilon interaction param-
eter) for all three. So, the use of solid metal —liquid metal
experiments as a guide to metal-silicate systems should be
used very cautiously.
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Second, the activity coefficients are based on interaction
coefficients determined at relatively low pressures (1 bar to
1 GPa). Pressure effects of the interaction coefficients might
be small, but are not currently accounted for. Future efforts
might focus on isolating any pressure effects on activity
(e.g., Steenstra et al., 2017).

Third, the metal-silicate and sulfide/silicate partition
coefficients utilized in the regression analysis and other
modelling in this paper are mainly determined at low pres-
sures and extrapolated to high pressures outside of the PT
range of the experimental database. Although this is com-
monly safe to do for siderophile element partitioning
(e.g., Righter, 2015, 2016), it is best to calibrate the parti-
tioning expression with data that cover the entire PT range
relevant to Earth. In the case of sulfide/silicate data, it is
currently necessary to utilize the lower pressure datasets
of Mungall and Brenan (2014) and Laurenz et al. (2016)
for modelling processes that occurred at higher pressures.
Therefore, future studies at high PT conditions would be
of great value in testing the conclusions of this study.

Finally, aspects of HSE partitioning must be explored in
detail. The three post core formation models considered
here — addition of a metal-bearing late veneer, segregation
of a late sulfide matte, and a combination of late sulfide
matte plus a late (metal-free veneer) - all have potential to
explain aspects of Earth mantle geochemistry. However,
thorough evaluation of all three suffers nonetheless from
lack of appropriate data. Much of the quantitative mod-
elling relies on Au, Pd, and Pt, for which we have the most
experimental data and the best understanding. But a more
complete and thorough understanding will be gained by
including all the HSE in quantitative modelling. We know
that Re is affected by Fe-Si alloys (Righter et al., 2018),
but the extent to which the other HSE — Ru, Rh, Ir, Os —
are affected by Fe-Si and Fe-O alloys and their potential
for high solubilities in a deep magma ocean setting, needs
to be evaluated. Similarly, studies of Re-Pt-Os, which are
part of isotopic systems that offer important constraints
on hypothesis (e.g., Walker, 2016), should include experi-
ments with all three elements simultaneously to most effec-
tively evaluate the isotopic constraints. Finally, evaluation
of multiple mechanisms will be important for gaining the
best understanding of the origin of mantle HSE contents -
it is possible that multiple mechanisms may be required to
explain all the HSE. For example, Righter (2005) proposed
that Au, Pd, and Pt might be de-coupled from the other
HSE where the former could be established by metal-
silicate equilibrium, and the latter by late accretion pro-
cesses. Although this idea now seems unlikely due to the
large effects documented here, the idea that HSE may be
de-coupled is a potentially valuable one and shows that
one single mechanism may not explain all HSE.
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