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Associate editor: Hassan Helmy Understanding siderophile element partitioning between metal and silicate melts under diverse conditions can be
used to place important constraints on the materials and conditions of planetary accretion and core formation, as
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means Si causes a larger decrease in D(metal/silicate) than S, and the chalcophile behavior expected from some
elements will be completely masked by the presence of Si in a metallic liquid. The new parameters are used to
update an activity model that now includes 36 siderophile elements in Fe-Ni-Si-S-C liquids (27 trace elements
considered here). Systematic assessment of these 27 elements shows which have the strongest affinity for Si, C,
and S, and also how activity coefficients for these elements would vary during accretion and core formation in
Earth, Mars, and Mercury of widely differing fO, and core compositional conditions. The activity model is
combined with new partitioning expressions for Mo, W, Cr, Re Ru, Pt, and Os and applied to aspects of post core
formation mantle geochemistry of Earth, Mars, and Mercury. Our updated expressions show that the BSE Mo/W
ratio can easily be achieved with metal/silicate partitioning during growth of the Earth, whereas Re, Os and Ru
become lower than and highly fractionated compared with BSE values during core formation and accretion, and
thus nearly 99% of their BSE abundances are likely contributed by late accretion. Ru isotopes should be a very
good indicator of the source material for the late accretion. The high Pt/Os and Re/Os developed in a deepening
magma ocean during the growth of the Earth, indicates ¥60s and 18”0s isotopes could be coupled if this ancient
material remained isolated and subsequently became entrained in mantle plumes and measured in surficial lavas.
The extent to which this occurred will be limited by the low Os content of this ancient material, thus requiring
mixing as a major component in plume sources. Martian mantle Hf/W ratio stays low during accretion and core
formation modelling, suggesting that W isotope anomalies are more likely due to solid/liquid silicate fraction-
ation than to core formation. Finally, Ti contents measured by MESSENGER at Mercury’s surface can be
explained by segregation of either a metallic core (IW-6 to -8) or metallic core + sulfide (IW-4 to -7.5) followed

by mantle melting.

these elements are not well known, despite Si likely being one of the dominant light elements in Earth’s core. To
address this gap in understanding, we have undertaken a systematic study of the highly siderophile elements Re,
Pt, Os, and Ru, and the refractory lithophile elements Nb, Ta and Ti at 1600 °C and 1 GPa, to derive epsilon
interaction parameters for these elements in FeSi metallic liquids. Positive epsilon interaction parameters were
measured for Nb, Ta, Ti, Ru, Re, Pt, and Os, indicating that dissolved Si in Fe liquids causes a decrease in their
metal/silicate partition coefficients (or ‘silicophobic’ behavior). Furthermore, €§, o o gy > €3¢.0s. or re Which
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K. Righter et al.

1. Introduction

The partitioning of siderophile elements between metallic cores and
silicate mantles is sensitive to temperature, pressure, oxygen fugacity,
and metallic and silicate liquid composition. Therefore, they can provide
key constraints on these conditions during accretion and differentiation
of planets and formation of their metallic cores. The non-metal, or light
element (e.g., S, C, O, or Si), content of the metallic liquid has a strong
influence on D(metal/silicate) [the partition coefficient of an element M
between metal and silicate, defined as the concentration (M) in metal /
concentration (M) in silicate]. Understanding the relative importance of
composition and the intensive parameters P, T, and fO is critical in
application of the partitioning data to planetary core formation. Earth’s
core is known to have a density deficit compared to pure Fe metal; this
deficit is commonly attributed to the presence of ~10% of a light
element or elements which could be S, C, Si, O, P, and perhaps H (e.g.,
Hirose et al., 2013, 2021). Silicon is frequently proposed as one of the
most abundant light elements in the core (C and S are thought to be
relatively minor), based on a wide range of cosmochemical and isotopic
evidence (Georg et al., 2007; Armytage et al. 2012; Ziegler et al., 2010),
high pressure phase equilibria experiments (Tsuno et al., 2013; Asa-
numa et al., 2010; Siebert et al., 2013) and deep Earth structure and
mineral physics (Mao et al., 2012; Lin et al., 2003; Badro et al., 2007;
Sanloup et al., 2004). The effects of dissolved S and C in Fe liquids is well
known from extensive studies of moderately siderophile elements (e.g.,
Chabot et al., 2005; Wood et al., 2014; Jana and Walker, 1997), and
highly siderophile elements (e.g., Laurenz et al., 2016; Bennett et al.,
2016; Rubie et al., 2016; Righter, 2015), but the effect of Si dissolved in
Fe liquid has received less attention, and remains poorly understood for
several elements. In addition, Si is the main alloying element with Fe in
Mercury’s core and the effect of Si content on element partitioning is
central to an understanding of Mercury’s differentiation.

We have been systematically studying the effects of Si on metal-
silicate partitioning for a wide range of siderophile elements such as
Mo (Righter et al., 2016), Ge, In, As, Sb (Righter et al., 2017), Au, Pd, Pt,
Ga, V, Mn, Cr, Cu (Righter et al., 2018), and Bi, Sn, Cd, Zn (Righter et al.,
2019). Combined with additional studies by Tuff et al. (2011), Vogel
et al. (2018), and Steenstra et al. (2020) on these and other siderophile
elements, our understanding has improved substantially. To more fully
understand the effects of Si and explore unknown behavior in several
important remaining siderophile elements, we report new experiments
designed to quantify the effect of Si on the partitioning of Re, Pt, Os, Ru,
Ti, Ta and Nb between metal and silicate melts. These new experiments
bring the total number of trace elements well studied in the Fe-Si system
to 27, and allow more comprehensive modelling for Fe-Ni-Si-S-C liquids.
These new results are used to update the activity model and applied to
Earth (for which we have mantle samples provided by peridotite xeno-
liths and massifs (e.g., Palme and O’Neill, 2014)), Mars (whose
geochemistry is constrained by martian meteorites and robotic mis-
sions), and Mercury (constrained by MESSENGER data). These examples
illustrate the utility of the multi-element activity model for comparative
cosmochemistry.

2. Experimental

Experiments at pressure and temperature conditions of 1 GPa and
1600 °C were completed at NASA-JSC using a non-end-loaded piston
cylinder apparatus. Pressure was generated using a hydraulic ram and
transmitted to the samples through a BaCOs pressure medium. High
temperatures were achieved using graphite furnaces, with temperature
monitored using a Type C W-Re thermocouple. Temperature and pres-
sure were calibrated using the detailed approaches described in Righter
et al. (2017). Starting compositions were mixtures of ~30% (by mass)
metal and ~70% silicate, with these proportions generally producing
large analyzable volumes of metal and silicate in the run products. Three
different Fe-HSE metal compositions were created by mixing ultra-pure
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Fe (99.9999%) and different HSE: metallic Fe + 5% Re, metallic Fe + 5%
Ru, and metallic Fe + 5% each of Re, Pt, and Os. A range of Fe-HSE-Si
metal compositions was created by mixing and homogenizing variable
amount of Si metal with the three Fe-HSE metal mixtures (0 to 10 wt%
Si). These three compositional series allowed the effects of Si to be
explored in a series with a single element (Re or Ru) as well as combi-
nation of elements (Re, Pt, Os) with the latter designed to examine im-
plications of Si for the Re-Os and Pt-Os isotopic systems. Silicate
composition used was Knippa basalt (given by Lewis et al., 1993) use of
which produces MgO-rich melts approaching the composition of those
expected in the early Earth (see Section 3), and also for ease of com-
parison of our results with previous studies that utilized this same
composition (Righter et al., 2017, 2018, 2019). The 30% (by mass)
metal — 70% silicate mixtures were then loaded into magnorite (partially
fused MgO) capsules, pressurized, and then heated to run conditions of
1600 °C.

Guided by our previous work on siderophile elements, experimental
runs were of 90 min duration at 1600 °C, allowing sufficient time for an
approach to equilibrium (Righter et al., 2010, 2011, 2017, 2018). We
have done time series in these 4 previous studies including elements that
are 1+ (Cu), 2+ (Co, Ni, Ge, Cd, Zn, Mn), 3+ (In, Ga, Bi, As, Sb, V, Cr),
44 (Mo, W, Sn), and 5+ (P). These time series have shown that all el-
ements are equilibrated after 90 min at 1600 °C, and so experiments
have all been done with this duration. The elements Mo, W, and P (and
Nb and Ta) are the highest valence and exhibit the lowest diffusion
coefficients of all of these elements (Szumila et al., 2019). Re exhibits
diffusion coefficients similar to Mn, among the highest diffusion co-
efficients (MacKenzie and Canil, 2008; Zhang et al., 2010). The current
study includes Re, Pt, Os, Ru, Nb, and Ta. Because Re has similar
diffusion coefficients to Mn, and Nb and Ta have comparable kinetics to
Mo, W, and P (Szumila et al., 2019), and Pt and Os are 2+ and 3+
respectively and also fall within the range of valence and ionic sizes
utilized in our previous experiments, we are confident that these
experimental durations are ample for equilibrium for the elements in
this study as well. In addition, the silicate liquids in our experiments are
more picritic to komatiitic — diffusion is known to be faster in such basic
liquids compared to basalt. Diffusion rates for the elements in our study
are likely higher than those for the haplobasaltic melts studied by Szu-
mila et al. (2019), thus requiring even shorter times than the previous
studies cited above.

3. Analytical

Experimental metals and silicates were analyzed using a combina-
tion of electron microprobe analysis (EMPA) at NASA-JSC (Cameca
$X100 and JEOL 8530 FEG microprobes), and laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) at Florida State Uni-
versity Plasma Analytical Facility of the National High Magnetic Field
Laboratory.

EMPA analysis was used for major and minor elements in metals (Fe,
Si, P, Re, Pt, Os, Ru, and S) and major and minor elements in silicates (Si,
Ti, Al, Fe, Mn, Mg, Ca, Na, K, P, and S) utilizing a variety of mineral and
glass standards (Fe, Si, GaP, FeS and other metals; diopside, basaltic
glass, potassium feldspar, rutile, rhodonite, Marjalahti pallasite olivine,
and albite). Operating conditions included 15 kV accelerating voltage,
30 nA current for metals (20 nA for silicates), and point mode. For both
the metals and glasses with coarser grain-size quench texture, a defo-
cused 20-30 pm beam was used for analysis, and typically 30 to 40
points were analyzed and averaged to obtain a representative compo-
sition of the metallic and silicate melts. Traverses in both the quenched
metallic and silicate liquids reveal a homogeneous pre-quench compo-
sition, with no compositional gradients or variation (Supplementary
Material, Part 1; Fig. S1). Details of EMPA analysis of HSE in the metal
are presented in the Supplementary Material Part 1 (Fig. S2A,B). Ana-
lyses are reported in Tables 1-3 and typically have 2¢ error (a combi-
nation of counting statistics, standards utilized, and matrix corrections)
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Table 1 Table 2
Re series results. Ru series results.
Re0 Re2 Re4 Re6 RelO Ru0 Ru2 Ru4 Ru6 Rul0
Silicate Silicate
Si0, (Wt%) 31.3(1.6) 33.3(1.7) 43.2(2.2) 42.8(2.1)  42.4(2.1) S0, (Wt%) 30.7(1.7)  31.5(1.6) 38.2(1.9) 36.5(1.8) 36.7(1.8)
TiO, 3.69(7) 3.83(8) 3.42(7) 3.24(6) 1.94(4) TiO, 3.58(7) 3.73(7) 2.16(4) 3.09(6) 1.62(3)
Al,04 11.5(2) 12.6(3) 11.5(2) 11.7(2) 10.6(2) Al,05 10.0(2) 10.2(2) 6.1(1) 9.6(2) 10.2(2)
FeO 11.85 5.21(5) 0.47(1) 0.12(1) 0.010(1) FeO 11.58(12)  9.72(10)  0.17(1) 0.040(4)  0.010(2)
12) MnO 0.15(1) 0.16(1) 0.090(2)  0.058(2)  0.012(1)
MnO 0.15(1) 0.16(1) 0.15(1) 0.10(1) 0.030(2) MgO 24.7(5) 24.4(5) 42.1(8) 34.5(7) 32.8(7)
MgO 23.4(5) 28.7(6) 24.9(5) 25.0(5) 32.3(6) Ca0 12.80(13)  13.10 7.70(8) 11.20 12.50(13)
CaO 13.37 12.84 12.31 12.70(9) 10.51 (13) a1
13) 13) 12) 11 Na,O 3.6(2) 4.0(2) 2.2(1) 3.11(2) 3.8(2)
NaO 3.5(2) 3.3(2) 3.3(2) 3.2(2) 2.7(1) K0 1.92(2) 2.20(2) 1.29(1) 1.91(2) 2.21(2)
K0 1.95(2) 1.92(2) 1.92(2) 1.86(2) 1.70(2) P,0s 0.97(2) 0.92(2) 0.0040 0.0020 0.0030(3)
P20s 0.91(2) 0.28(1) 0.030(2)  0.030(2)  0.030(3) () @
Total 101.60 102.10 101.20 100.70 102.30 Total 99.90 99.96 99.98 100.01 99.90
Cu (ppm) 6.7(7) 3.4(3) 1.8(2) 1.4(1) 0.97(10) V (ppm) 180(18) 181(18) 38(4) 7.0(7) 1.0(1)
Ga 11.6(1.2)  5.2(5) 2.2(2) 1.9(2) 2.1(2) Cr 141(14) 155(16) 39(4) 10(1) 3.0(3)
Zn 68.3(6.8)  60.3(6.0) 13.9(1.4)  9.2(9) 3.0(3) Nb 66(7) 72(7) 16.7(1.7)  1.1(1) 0.040(4)
\% 180(18) 200(20) 57.2(5.7)  9.7(9) 0.98(10) Ta 3.8(4) 4.0(4) 2.7(3) 1.8(2) 0.10(1)
Cr 130(13) 209(21) 87(9) 23(2) 3.0(3) Ru 0.030(6)  0.054(9)  0.054(9)  0.099 0.052(9)
Ni 1.7(2) 1.3(1) 1.8(2) 1.0(1) 1.0(1) (20)
Co 0.40(4) 0.23(2) 0.21(2) 0.17(2) 0.31(3) Metal
Pb 4.3(4) 1.1(1) 0.22(2) 0.094(9)  0.082(8) Si (Wt%) 0.41(1) 0.18(1) 0.87(2) 4.63 13.8645
As 0.34(3) 0.33(3) 0.28(3) 0.25(3) 0.28(3) Fe 92.56(93)  92.83 92.83 87.38 80.07
Nb 70.1(7.0) 73.6(7.4) 27.327) 1.2(1) 0.043(4) (92) (92)
Ta 4.3(4) 4.4(4) 3.7(4) 2.2(2) 0.075(8) P 0.024(1) 0.29(1) 0.77(2) 0.8893 0.9702
Sn 0.30(3) 0.089(9)  0.057(6)  0.039(4)  0.028(3) Ru 6.88(14)  6.53(13) 5.23(10) 6.68(13)  3.67(7)
Re 0.11(2) 0.11(2) 0.049 0.054 0.73(14) V (ppm) 3.0(3) 4.0(49) 396(40) 493(49) 394(40)
(10) (10) Cr 16(2) 21(2) 585(59) 601(60) 589(59)
Metal Nb 0.27(3) 0.060(6)  30(3) 97(10) 36(4)
Si (Wt%) n.d. 0.0060 0.75(1) 5.89(6) 16.3(2) Ta 0.050(5) 0.010(1)  0.12(1) 2.9(3) 1.6(2)
@ Ti 124(12) 41(4) 112(11) 810(81) 10300
Fe 93.72 94.47 94.11 88.61 78.7(8) (1000)
(94) (94) (94) (89) Total 99.88 99.83 99.70 99.58 98.58
P 0.054(1)  0.54(1) 0.71(1) 0.59(1) 0.6(1) Xgeo 0.093 0.078 0.0012 0.0003 0.0001
Re 5.53(11) 4.2(1) 3.84(8) 3.73(7) 3.13(6) Xre 0.95 0.95 0.94 0.86 0.71
Cu (ppm) 308(31) 363(36) 256(26) 170(17) 165(17) Xsi 0.008 0.004 0.018 0.091 0.245
Ga 33(3) 42(4) 44(4) 41(4) 42(4) In (1-Xg;) —0.00850  —0.0037  —0.0177  —0.0949  —0.282
Zn 20(2) 36(4) 84(8) 83(8) 84(8) ATW —2.02(4) -2.18(4) -5.78 —6.92 —7.95(41)
\% 2.0(2) 16(2) 264(26) 363(36) 341(34) (18) (22)
Cr 13(1) 100(10) 534(53) 605(61) 626(63) InKq (Fe-Ru)-In ~ 9.53 8.59 0.123 -2.82 -5.19
Ni 745(75) 591(59) 543(54) 477(48) 446(45) (yFe)
Co 174(17) 138(14) 123(13) 114(11) 107(11) In K4 (Fe-V)- -8.26 —-7.99 -8.10 -8.13 —-8.47
Pb 3.5(4) 27.1(27) 24.6(2.5) 16.7(1.7)  28.2(2.8) 0.5In(yFe)
Total 99.31 99.22 99.41 98.82 98.70 In K4 (Fe-Cr)- -10.5 -10.6 -12.1 -12.7 ~13.2
Xreo 0.093 0.039 0.0036 0.0009 0.0001 0.5In(yFe)
Xre 0.77 0.81 0.81 0.74 0.62 In K4 (Fe-Nb)- -6.22 —6.58 -16.9 -20.1 —-23.1
Xsi 0.000 0.000 0.013 0.098 0.25 1.5In(yFe)
In (1-Xg) 0 —0.0001  —0.0129  —0.103 —0.293 In K4 (Fe-Ta)- —6.22 —6.58 -16.9 -20.1 —23.1
AIW -1.84(4) —2.63(5) —4.70 —5.80 —7.84 1.5In(yFe)
@15) (20) (33) In Kq (Fe-Ti)- -10.3 -11.7 -18.4 ~19.4 -18.6
In Kq (Fe-Re)-In 8.83 6.87 2.83 0.204 —7.22 0.5In(yFe)
(yFe) In K4 (Fe-P)- -20.6 -16.2 —-29.0 -34.3 —40.2
In Kq (Fe-Cu)+ 2.51 2.95 2.02 1.15 0.250 1.5In(yFe)
0.5In(yFe)
In K4 (Fe-Ga)- —2.28 —2.50 —-5.13 —6.97 -10.5
0.5In(yFe) Plasma Mass Spectrometer (ICP-MS). Laser fluence was 2 GW/ cm?.
In K4 (Fe-Zn) —-3.55 —3.67 —-3.75 —4.66 —5.89 Masses measured were: 2%Si, 31p, 47Ti, 51V, 53Cr, 5*Mn, 5Fe, 5°Co, °Ni,
ln(f;ﬁ;\g 7.82 7.11 6.62 6.43 7.71 63Cy, %7Zn, 71Ga, %3Nb, 102Ry, 193Rh, 105+106pq 1817, 182y 185Re
In Ky (Fe-Cr)- _9.96 _9.67 107 _11.0 _12.7 19205, 193Ir, 195Pt, 197Au, 208Pb, and other elements as described by Yang
0.5In(yFe) etal. (2015; 2018). For silicates 295i was used for internal normalization
in ﬁd gelgl)) z-;g gzg 8-;221 *g-giz *z-;g while for metal + sulfide, >’Fe was used for internal normalization. The
n Ky (Fe-Co. . . . —-0. —-3. . A . . ’ .
In K, (Fe-Pb) 0.252 0.0233 o835 1es 338 relevant isobaric interferences .alre discussed in Yang et al. (2018). NIST
InKy (Fe-P)-1.5In  —10.703 _11.333 —20.368 _26.488 _37.809 SRM 610 glass and USGS basaltic glasses BHVO-2G, BIR-1G, and BCR-2G
(yFe) were used to determine relative sensitivity factors (RSF) for lithophile

~2% for most elements and ~5% for Si, Al, Mg, and Na.

Re, Pt, Os, Ru, Ta, Ti, and Nb are all present at low concentrations in
the silicates and glasses (typically < 100 ppm), could not be measured
using EMPA, and instead were measured by LA-ICP-MS using Electro-
Scientific Instruments (ESI) New Wave UP193FX excimer (193 nm) laser
ablation system coupled to a Thermo Element XR Inductively Coupled
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elements (Jochum et al., 2011), while group IVB iron meteorite Hoba
(Walker et al., 2008), NIST SRM 1263a (Campbell et al., 2002) and
group IIA iron meteorite Filomena (Wasson et al., 1989) were used to
determine RSFs for siderophile elements (Humayun et al., 2007;
Gaboardi and Humayun, 2009; Humayun, 2012). Comparison of stan-
dards analyzed as unknowns to published values are given in Supple-
mentary Material, Part 2 (Table S2). The metal portions of the samples
were typically measured using a 20 pm raster at 5 pm/s and 20 Hz,
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Table 3
Re-Pt-Os series results.
RePt0s-003 RePt0s-007 RePt0Os-009 RePtOs-013 RePtOs-014 RePtOs-015 RePtOs-016

Silicate
Si05 (Wt%) 32.0(1.6) 34.7(1.7) 40.0(2.0) 38.7(1.9) 36.5(1.8) 29.5(1.5) 36.4(1.8)
TiOy 2.62(5) 1.99(4) 1.26(3) 2.42(5) 2.22(4) 1.96(4) 2.57(5)
Al,O3 12.1(2) 14.6(3) 11.5(2) 12.2(2) 10.5(2) 8.4(2) 12.5(3)
FeO 2.91(3) 0.030(1) 0.010(1) 0.040(1) 0.040(1) 9.75(10) 0.10(1)
MnO 0.15(1) 0.040(1) 0.020(1) 0.080(2) 0.060(2) 0.15(1) 0.10(1)
MgO 33.1(7) 35.8(7) 32.1(6) 31.3(6) 36.6(7) 38.5(8) 32.9(7)
CaO 11.87(12) 9.12(9) 10.21(10) 10.56(11) 9.64(10) 7.55(8) 10.68(11)
NaO 3.0(2) 2.1(1) 2.8(2) 2.7(1) 2.6(1) 2.2(1) 2.6(1)
K0 2.15(2) 1.56(2) 2.05(2) 2.01(2) 1.84(2) 1.59(2) 1.97(2)
P,05 0.09(1) 0.0015(2) 0.0017(2) 0.0017(2) 0.0015(2) 0.41(2) 0.0010(1)
SO, 0.010(1) 0.020(2) 0.020(2) 0.020(2) 0.020(2) 0.010(1) 0.017(2)
Total 99.89 100.11 99.78 99.91 99.54 100.10 99.94
Ga (ppm) 8.3(8) 5.2(5) 6.3(6) 5.7(6) 5.4(5) 8.8(9) 6.5(7)
Zn 41.4(4.1) 71(7) 32(3) 20(2) 11(1) 56(6) 11(1)
A% 147(15) 2.9(3) 0.86(9) 5.4(5) 5.0(5) 156(16) 12.3(1.2)
Cr 116(12) 6.8(7) 2.1(2) 27(3) 6.8(7) 137(14) 21(2)
Pb 0.86(9) 0.081(9) 0.14(2) 0.23(2) 0.061(6) 1.5(2) 0.11(1)
As 0.33(3) 0.25(3) 0.29(3) 0.28(3) 0.27(3) 0.21(2) 0.32(3)
Nb 45.6(4.6) 0.098(9) 0.030(3) 0.35(4) 0.32(3) 33.0(3) 2.0(2)
Ta 2.4(2) 0.27(3) 0.027(3) 0.64(6) 0.63(6) 1.7(2) 1.7(2)
Sn 0.11(1) 0.20(2) 0.15(2) 0.18(2) 0.063(6) 0.17(2) 0.086(9)
Re 0.18(4) 0.23(5) 1.94) 4.0(8) 0.15(3) 0.34(7) 0.27(5)
Pt 0.24(5) 0.56(11) 0.37(7) 0.95(19) 0.59(12) 0.5(1) 0.047(9)
Os 0.18(4) 0.35(7) 0.54(11) 0.31(6) 0.23(5) 0.33(7) 0.013(3)
Metal
Si (wt%) 0.18(1) 9.56(10) 17.07(17) 7.75(8) 6.40(6) 0.220(2) 3.57(4)
Fe 96.51(96) 84.58(85) 76.71(77) 89.80(90) 91.20(91) 98.10(98) 94.6(9)
P 0.69(1) 0.76(1) 0.75(1) 0.77(1) 0.75(1) 0.27(1) 0.600(6)
S 0.050(1) 0.021(1) 0.019(1) 0.023(1) 0.018(1) 0.068(1) 0.0175(2)
Re 0.52(1) 1.53(3) 1.06(2) 0.170(3) 0.200(4) 0.190(4) 0.094(2)
Pt 1.10(2) 1.15(2) 1.00(2) 0.50(9) 0.55(1) 0.66(1) 0.36(1)
Os 0.54(1) 1.45(3) 0.96(2) 0.18(1) 0.200(4) 0.190(4) 0.103(2)
As (ppm) 5.6(6) 5.0(5) 4.9(5) 5.5(6) 5.6(6) 7.3(7) 5.2(5)
Nb 0.20(2) 88(9) 54(5) 32(3) 27(3) 0.05(1) 12(2)
Ta 0.0030(3) 4.7(5) 2.7(3) 0.76(8) 0.74 0.005(1) 0.17(2)
Sn 6.1(6) 6.1(6) 6.3(6) 6.8(7) 6.8(7) 8.0(8) 6.4(6)
Ga 37(4) 42(4) 33(3) 40(4) 43(4) 35(3) 42(4)
Zn 38(4) 130(13) 39(4) 94(9) 64(7) 18(2) 135(14)
A% 3003) 500(50) 391(39) 393(39) 417(42) 5.8(6) 310(31)
Cr 142(14) 590(60) 522(52) 1500(150) 716(72) 34(3) 603(60)
Pb 38(4) 26(3) 27(3) 38(4) 43(4) 36(4) 33(3)
Total 99.63 99.20 97.69 99.40 99.44 99.71 99.47
XFreo 0.022 0.0002 0.0001 0.0003 0.0003 0.072 0.0008
Xre 0.8899 0.4844 0.4852 0.6667 0.5363 0.8956 0.8023
Xsi 0.003 0.109 0.215 0.114 0.075 0.004 0.060
In (1-Xg;) —0.00337 —0.115 —0.242 —0.121 —0.0778 —0.00404 —0.0621
AIW -3.21(9) —6.71(28) —7.32(39) —6.70(27) —6.49(26) —2.19(4) —6.05(24)
In K4 (Fe-Re)-In(yFe) 2.92 —4.50 —8.24 -9.30 —5.61 3.63 —5.68
In K4 (Fe-Os)-In(yFe) 2.66 —5.47 —6.72 —7.83 —6.96 3.26 -3.88
In K4 Pt 7.32 2.18 0.991 1.72 2.14 7.36 5.46
In K4 (Fe-Ga)-0.5In(yFe) —4.04 —9.84 —-11.2 —9.72 —9.45 —2.38 —8.62
In K4 Zn -3.85 —7.64 —8.66 —6.45 —6.19 —3.68 —4.63
In K4 (Fe-V)-0.5In(yFe) —7.14 —6.80 —6.74 -7.39 -7.10 —7.06 -7.25
In Kq4 (Fe-Cr)-0.51n(yFe) —9.68 -11.8 -11.7 -12.0 —-11.2 —9.48 -11.4
In K4 Pb 0.0282 —-2.49 -3.61 —2.89 -1.39 0.624 -1.39
In K4 (Fe-As)-0.5In(yFe) 6.50 0.269 —0.829 0.524 0.729 8.99 1.53
In K4 (Fe-Nb)-1.5In(yFe) -5.36 -3.28 —4.15 -5.29 -3.75 —-3.46 —6.20
In K4 (Fe-Ta)-1.5In(yFe) —9.56 —6.21 -7.14 —9.04 -8.59 —5.76 -10.5
In K4 (Fe-Sn)-In(yFe) -5.23 -3.96 —3.46 —6.38 —6.13 —2.03 -7.37
In K4 (Fe-P)-1.5In(yFe) —13.563 —28.391 —31.463 —28.181 —27.128 —10.148 —24.892

collected with 150 runs. In some experiments the quenched metallic
liquids were analyzed using an average of 3 to 4 scan lines across the
metallic portion due to the coarser-grained textures (see Section 4.1)
and heterogeneity that would result from analysis of smaller regions.
Because of the presence of quench olivine and MgO crystals (the latter
from reaction with the capsule) scattered throughout the quenched sil-
icate liquids, a 50 pm line was scanned at 10 pm/s, 20 Hz, 100 runs. The
linear scans allowed more representative sampling of the coarse-grained
silicate portions, and easier interpretation of instances where there was
overlap with MgO crystals. Single values from the scan were examined
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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%
(Tables 1-3).

4. Results

4.1. Phase equilibria and equilibrium

Metallic liquid was equilibrated with silicate liquid in all
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experiments. Metallic and silicate liquids quench to a complex fine-
grained multi-phase intergrowth of quench crystals. Both metal and
silicate phases must be analyzed with a beam size that is larger than the
scale of the intergrowths, and averaged over many points to obtain a
representative analysis of the run products. A representative analysis of
the metallic liquid is obtained by averaging over many points. For the
metals, line scans were carried out in a spoke-like pattern on each large
metallic sphere so that the average of the scans captures the represen-
tative bulk composition of the quenched metallic phase (e.g., experi-
ment Os-Pt-Re-013; Supplementary Material Part 3). MgO-rich silicate
melts (MgO > 20%) are difficult to quench to a glass even with the high

Cluen'ched metallic
liquid

oy &

100pm JEOL

WOE

Quenched metallic
liquid

100um JEOL
15.0kW COMPO HOR

Geochimica et Cosmochimica Acta 354 (2023) 211-228

quench rates of a piston-cylinder experiment. Our silicate run products
typically contain a multi-phase mixture of coarse-grained, skeletal-sha-
ped, quench silicate crystals and glass (Fig. 1 and Supplementary Ma-
terial, Part 3; Fig. S3). For the silicates, the analyses were carried out as
line scans across regions that were free of coarse MgO or olivine grains
that were unrepresentative of the liquids. This approach was also
described in detail by Righter et al. (2018) for Au, Pd, and Pt analysis.

Many HSE studies have reported nuggets in experiments utilizing
pure HSE rods or metals in solubility studies (Ertel et al., 1999; O’Neill
et al., 1995). Some of these studies have observed micronuggets that
could be seen in BSE images (Cottrell and Walker, 2006), while others

Fig. 1. BSE images of typical experimental run
product experiment Re-6B (6% Si added to Fe metal)
The top image (A) shows the full sample including the
metallic and silicate portions, and the lower image (B)
shows the metallic portion at higher magnification
and optimal contrast to illustrate the quench textures.
The silicate portions quenched to a mixture of glass
and quench crystals and the largest areas and finest
grained quench textured regions were selected for
analysis. Laser spots are shown in Fig. 1A in the sili-
cate portion and illustrate the typical sampling
approach. All experiments carried out at 1 GPa and
1600 °C, in MgO capsules, which reacted slightly with
the silicate melt.
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had a solubility signature of nuggets but no visible evidence (nano-
nuggets) (Ertel et al., 2008). Use of lower doping levels and/or centri-
fuging (compared to high levels or pure HSE metal sources) has led to
results with nugget-free glasses (e.g., Medard et al., 2015; Righter et al.,
2015; Brenan and McDonough, 2009). Measurements in these cases are
in better agreement with each other, and could monitor spikes of HSE
during analysis with LA-ICP-MS. No HSE micronuggets were observed in
our experiments (see also Righter et al., 2018). If a micronugget was
present, but not observed in macro-scale or in micro-scale imaging, the
presence of HSE particles could be detected by observation of HSE
“spikes” (Re, Ru, Pt, Os) during analysis of the silicates. If detected, such
spikes could be removed for data reduction of the HSEs, as also
explained in Righter et al. (2018). This best effort at avoiding nugget
effects does not necessarily eliminate the problem, but it is an
improvement; this is an active area of research (Malavergne et al., 2016;
Steenstra et al., 2022).

4.2. Oxygen fugacity calculations

The goal of our experiments is to study the effect of dissolved Si in Fe
metallic liquids. When Si metal is added to the experimental composi-
tion, it creates FeSi metallic liquids with variable Si content, as intended,
but the increased Si content also causes a decrease in fO,. Because fO is
an important variable controlling element partitioning between metal
and silicate this value must be calculated for each experiment. In metal-
silicate studies oxygen fugacity is typically calculated relative to the
iron-wiistite (IW) oxygen buffer using the expression AIW = -2log [Xpe/
Xreol (e.g., Righter et al., 1997; Wood, 2008), where Xg. and Xgeo are
the mole fractions of Fe in metal and FeO in the silicate liquid, respec-
tively. AIW values calculated for our experiments are from IW-1.8 for Si-
free runs down to as low as IW-7.95 for Si-bearing runs (Table 1). If AIW
is instead calculated with activities, or AIW = —2log [ape/areo0], Where
aFe (activity of Fe in metallic liquid) is calculated using the epsilon
interaction parameter model for metallic liquids (see Supplementary
Material Part 4), and ageo (activity of FeO in silicate liquid) was calcu-
lated using Holzheid et al. (1997), calculated AIW values are shifted
slightly higher, from IW-1.3 to 7.2 (Table 1). Because most studies uti-
lize the first approach (mole fractions), we include those in the tables
and figures, for ease of comparison to previous studies. However, the
difference in calculated values using mole fractions and activities is
attributable to non-ideality in the Fe-Si system, which should not be
ignored; activities are used in all calculations. The range of AIW values
considered applicable during Earth’s accretion and core formation (e.g.,
IW-5 to IW-2; Wood et al., 2006; Righter, 2011; Siebert et al., 2011)
completely overlaps the range of values calculated here for our
experiments.

4.3. Comparison of partition coefficients to previous work

Partition coefficients for the Si-free experiments reported here are
between 6.8 x 10° to 2.3 x 10° for Ru which compares closely to pre-
vious results at the same or similar conditions reported by Laurenz et al.
(2016), Steenstra et al. (2022), and Mann et al. (2012), whose values
range from 10° to 10”. Our D(Re) values 2.7 x 10° to 2.5 x 106, are also
in close agreement with previous results at the same or similar condi-
tions reported by Righter et al. (2015), Mann et al. (2012), Brenan et al.
(2019), and Steenstra et al. (2022), whose values range from 10° to 107.
Our D(Pt) values ~1.3 x 104, are also in close agreement with the lower
range of values for D(Pt) reported by Righter et al. (2015), Mann et al.
(2012), Laurenz et al. (2016) and Steenstra et al. (2022), whose values
range from 10* to 10°. Finally, our D(Os) values ~3.0 x 104, are in
between values from previous studies at the same or similar conditions
(Righter et al., 2015; Yokoyama et al., 2009) from 1.5 x 10* to 2.8 x
10°. The slight differences in D(Ru), D(Re), D(Os), and D(Pt) between
the various studies is not surprising given the different melt composi-
tions, oxygen fugacities, and metal compositions employed. Similarly,
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the results for Ti, Nb, and Ta reported here in the experiments with Si-
free metallic liquids, are in agreement with results reported by Corgne
et al. (2008) and Wade and Wood (2001) and are typically less than 1.
Values measured for more reducing conditions are as high as D(Nb) =
4000, and D(Ta) = 1600 (Cartier et al., 2014; Miinker et al., 2017).
Values for D(Ti) approach 1 at the most reduced conditions (IW-7),
similar to the results obtained by Steenstra et al. (2020) for Ti as well.

Partition coefficients from experiments containing Si-bearing metals
must be interpreted more carefully due to the strong activity effects of Si
in Fe liquids. Partition coefficients at high fO, (>IW-2) are expected to
be lower than those at low fO5, with the slope of D versus logfO, related
to the valence (n) of the element (for positive cations), by a factor of n/4
for each logfO, unit (e.g., Capobianco et al., 1999; Righter, 2015;
Holzheid and Palme, 1996; Newsom and Drake, 1983). At fO, < IW-2,
increasing amounts of Si in Fe-Si liquids affects trace metal activities and
compositions causing deviations from the D — logfO, slopes expected for
a specific valence (e.g., Tuff et al., 2011; Righter et al., 2017; Vogel et al.,
2018; Steenstra et al., 2020). Thus at low fO,, the partition coefficients
involving FeSi liquids remain lower than expected, but this behavior can
be used to better understand partitioning at these low fO5 conditions.
The metal-silicate 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. In our series at
fixed T and P but variable Si content, deviation from the expected value
of the metal-silicate exchange coefficient will be used to calculate the
activity coefficient for a trace element in FeSi liquids, as will be
explained in more detail below.

4.4. Determination of epsilon interaction parameters

Measured metal and silicate compositions were used to calculate
metal (met) - silicate (sil) exchange coefficient K4 for Ru, Re, Pt, Os, Ti,

Nb, Ta (as well as P, V, Cr, As, Ga, Zn, Pb) according to this reaction:
MOn/2g + (n/2)Feqy = Mo + (n/2)FeOg (@]

The equilibrium constant of reaction (1) is,

O GO 1.1 N e 1
) 1 N I L e e

(2)

setting Kq = [X‘T;ml][xzig‘;m]ni and simplifying further as detailed in Righter

Bt ) X ]
et al. (2018) (i.e., assuming that the activity ratios of Fe and M in the
silicate melt are constant), the above equations can be re-arranged to

yield:

InK, = constant + n/2lny';f:"‘1 _ ln}/;;""'l

3

Combining (3) with Inym#@ = Inymel + In y%- 5 In(1-Xg;) and rear-
ranging results in

InK,; — (n/2 — 1)Inyp™" = constant — Iny$, + enIn(1 — Xg;) (@)
where y7¢@ is defined as the activity coefficient of Fe in Fe metal
(calculated as described in the Supplementary Material Part 4), y¥, is
defined as the activity coefficient of M at infinite dilution, and &5t is an
interaction parameter that is used to calculate the activity of a trace
metal (M) in Fe-Si liquids (e.g., Lupis, 1983; Righter et al., 2018). ef}} is
determined directly for each element at 1600 °C, from the slope of “InKy4
- (/2 - 1) In y}e@ versus “In(1-Xs;)”.

Interaction parameters, ey, for Ru, Re, Pt, Os, Ti, Nb, and Ta, were
determined by a linear fit to the data, with the standard error (in pa-
rentheses below) and the fits passing variance tests in SigmaPlot 12.0.
We also derive efv‘[ values for P, Ga, Zn, Pb, V, Cr, As for comparison to
previous determinations that used similar methodology to this work (e.
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g., Righter et al., 2018; see more detailed discussion of these elements in
Supplementary Material, Part 4; Fig. S4). e5; for Re and Ru were deter-
mined using a series of 5 experiments each, whereas the Ti, Nb, and Ta
and P data were combined from two series of experiments at 1600 °C in
MgO capsules. Re and Ru yielded epsilon interaction parameters of 44.9
(7.0) and 44.0(8.0). P, Ti, Nb, and Ta yielded epsilon interaction pa-
rameters of 70(15), 10.3(3.2), 45.4(8.0), and 44.8(7.2), respectively
(Fig. 2). Finally, epsilon interaction parameters for Re of 49.7(16.9) and
for Pt of 28.9(7.6) are within error of those from our Re-only series
determination (44.9) and Pt-only series from Righter et al. (2018)
(27.4). The value for Os, 42.9(16.4) is the same magnitude as the value
we obtained for Ru in the Ru-only series — 44.0(8.0).

4.5. Comparison to previous work, and the relative effects of S, C, and Si

For the HSE Ru, Re and Os, our results are the first known to us,
whereas many of the other elements can be compared to previous work
(Supplementary Material, Part 4). Our values for Ru and Re are similar
in magnitude to values measured for Pd, Pt, and Au (Righter et al.,
2018). Our P results show good agreement with several previous studies
and also confirm the very high and positive epsilon interaction param-
eter for P in Fe-Si liquids (Righter et al., 2017, 2019). Our newly
determined values for Ti, Nb and Ta are lower than previously reported
values from the steel making literature (e.g., Steelmaking Data Source-
book, 1988), but are consistent with results of Steenstra et al. (2020) and
with the moderate effects of Si on partitioning that have been observed
by us and by Miinker et al. (2017) and by Cartier et al. (2014), for
example.

All elements studied here have positive epsilon parameters, indi-
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cating that dissolved Si causes a decrease in their partition coefficients
(Fig. 3). More specifically, D(metal/silicate) for Ti, Nb, Ta, Ru, Re, Pt,
and Os will be reduced for all elements with the addition of Si to the
metallic liquid. For many elements, dissolved Si has a much greater ef-
fect on the activity than C or S (Fig. 3). Furthermore, the effect of Si is
much stronger than S for Re, Os, and Ru; Si causes a larger decrease in D
(metal/silicate) for Re, Os, and Ru because &3 o oy > Exe.0s or Ru
(Fig. 3). Thus the chalcophile behavior expected from some elements
will be completely masked by the presence of Si in a metallic liquid.

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

An activity model using epsilon interaction parameters (Ma, 2001;
Wade and Wood, 2005) was previously coded in MATLAB and expanded
to include our interaction parameters for Fe-Si liquids (Righter et al.,
2017; 2018; 2019). Here we update this model and add our new data for
Ru, Re, and Os for a total of 36 elements in Fe-Ni-Si-S-C metallic liquids
(Supplementary Material Part 4). Using this model, we demonstrate the
large effect of Si on vy, some of which increase by ~1000 (e.g., Re, Pt, Os,
Ru) and especially P by nearly 6 orders of magnitude between Xg;j =
0 and 0.20. In addition, we calculate activities for Fe-S, Fe-C, and Fe-Si
systems comparing the effect of each light element on the activity co-
efficients (Figs. 4 and 5 show Ru, Re, Pt, Os Ti, Nb, Ta; Supplementary
Material, Part 4 show all others). In this way the relative effects of each
light element can be illustrated, and differential effects on various ele-
ments can be evaluated.

Based on the trends in Figs. 4, 5, and S5, some general observations
can be made regarding overall behavior of elements considered. Only
two elements — Mn and Cr — have activity coefficients that decrease with
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Fig. 2. InK4(Fe-Re)-In(yr.), InKg(Fe-Ru)-In(yge), InK4(Fe-P)-1.5In(yr.), InK4(Fe-Ti)-In(yge), InKgq(Fe-Ta)-1.5In(yge), and InK4(Fe-Nb)-1.5In(yg.) versus In(1-Xg;) from
the Re- and Ru-series of experiments across a wide range of Si contents in metallic Fe (two left columns). InK4(Fe-M) versus In(1-Xg;) from the Re-Pt-Os series
experiments (right hand column). The slope of the lines yields the interaction parameter for each — €ge, €ru, €7i, €12, and €np - in Fe-Si liquids. In the latter experiment
V, Cr, As, Ga, Zn, and Pb were also measured in both metal and silicate and thus calculated € ge, € py, € 05, as well as ey, €cr, €as, €Ga, €zn, and €pp, - in Fe-Si liquids; these

are presented in the Supplementary Material Part 4.
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Fig. 3. Comparison of new epsilon interaction pa-
rameters for a wide range of elements in Fe-Si, Fe-S,
and Fe-C liquids measured in previous studies (Wood
et al.,, 2014; Steelmaking Database, 1988; Righter,
2016; Righter et al., 2017, 2018, 2020). Our new
results show that Os, Pt, Re, and Ru all exhibit posi-
tive epsilon values for Fe-Si, Fe-S, and Fe-C liquids,
with Fe-Si liquid exhibiting larger magnitude values
for each element. Ta, Nb, and Ti, in comparison have
negative epsilon interaction parameters in Fe-S and
Fe-C liquids (favoring a sulfide liquid over an Fe
liquid) but exhibit positive epsilon parameters for Fe-
Si liquids. The figure is divided into moderately,
weakly, volatile, volatile chalcophile, and highly
siderophile element groupings to facilitate compari-
son of the behavior of these groups of elements.
Supplementary Material Part 4 also includes a
Table of values comparing interaction parameter
values from previous work with our new values.

mole fraction S, Si, or C in Fe metallic liquid
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Fig. 4. Variation of activity coefficients for Ru, Re, Pt, Os, in Fe-S, Fe-Si, and Fe-C metallic liquids from Xg, Xg;, and X¢c = 0 to 0.20, illustrating the relative effects of
increasing amounts of S, Si, and C on the activity of these four trace elements, at 1873 K. Note that all three S, Si, and C - cause the activity coefficient to increase,
which in turn would cause a decrease in the D(metal/silicate). See text for additional discussion.

the addition of all three light elements S, C, and Si, to the Fe metallic
liquid. A large group of elements - Ga, Ni, Co, P, Ge, As, Sb, and the 8
HSE - have activity coefficients that increase with the addition of all
three elements S, C, and Si, to the Fe metallic liquid. Two elements — Mo
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and W - have activity coefficients that decrease (i.e., become more
siderophile) with the addition of C (but increase with addition of Si and
S). The chalcophile elements - Ag, Pb, Bi, Cd, Sn, and Cu - have activity
coefficients that decrease (i.e., become more siderophile) with addition
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Fig. 5. Variation of activity coefficients for Nb, Ti, and Ta
in Fe-S, Fe-Si, and Fe-C metallic liquids from Xs, Xs;, and
Xc = 0to 0.20, illustrating the relative effects of increasing
amounts of S, Si, and C on the activity of these three trace
elements, at 1873 K. Note that for all three elements,
increasing Si causes an increase in the activity coefficient
(thus making Nb, Ti and Ta less siderophile, but that
increasing S and C contents cause a decrease in activity
activity coefficient (thus making Nb, Ti and Ta more
siderophile).
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of S (but increase with the addition of Si and C). Finally, In, Zn, Cr, Nb,
Ti, and Ta all have activity coefficients that decrease with the addition of
both C and S (Si causes increase), thus become more siderophile with the
addition of either C or S. It is also worth noting that no elements become
more siderophile with only addition of Si; only Mn and Cr are decreased
with Si solution in Fe metal, but a decrease is also caused by dissolution
of C and S. These general observations very clearly illustrate which el-
ements can become more siderophile with addition of specific elements,
and thus are useful guides to understanding effects of both a single
element as well as combination of elements. For example, the side-
rophile tendencies of some chalcophile elements can be cancelled out by
dissolution of Si in combination with S (e.g., Bi, Sn, or Cd). Similarly, the
affinity of Mo and W for Fe-C metallic liquids will be cancelled out by the
dissolution of Si or S in the Fe metallic liquids.

5. Discussion

5.1. Application to metal/silicate partitioning — comparative core
formation in Earth, Mars, and Mercury

We utilize the newly updated activity model, combine it with par-
titioning data for multiple siderophile elements, and apply the results to
simple accretion and core formation models for Earth, Mars, and Mer-
cury. These three planets are thought to have FeNi metallic cores of
significantly different light element compositions with Earth a combi-
nation of S, C, and Si, Mars a mixture of S and C, while Mercury has a
dominantly Si-rich FeNi core. The activities of the elements, and metal
Si, S and C contents, are calculated along hypothetical adiabats during
continuous accretion and core formation models. Finally, the calculated
planetary mantle concentrations of the elements can be compared to
known, measured values for Earth, Mars, and Mercury to evaluate
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formation models.

5.1.1. Core compositions of Earth, Mars, and Mercury

As the terrestrial planets grew during accretion and metal is deliv-
ered and intimately dispersed with silicates, there is constant equili-
bration and re-equilibration of core-forming metal and mantle. For
calculations done here, we assume complete equilibrium for these cal-
culations, though some differences will result in assuming partial
equilibration. As better understanding of this issue evolves it seems more
realistic calculations (e.g., 3D modelling instead of 2D modelling,
entrainment of metallic droplets, shear stresses keeping droplets sizes
small, etc.) lead to conditions closer to full equilibration (e.g., Deguen
et al., 2014; Kendall and Melosh, 2016; Lherm and Deguen, 2018). As
the metallic portion grows into a metallic core, the core acquires a light
element composition that is specific to the P-T-fOs-composition condi-
tions of the metal-silicate equilibrium. In general, the pressure and
temperature at the base of a deepening magma ocean can be approxi-
mated by an adiabatic temperature gradient that would depend on the
mantle composition and phase equilibria of each specific planet of in-
terest. We calculate metallic liquid composition (S, C, and Si content)
along such gradients using the D(S), D(C), D(Si) expressions of Boujibar
et al. (2014), Li et al. (2015), and Boujibar et al. (2019), respectively,
and mass balance equation C}, = C%[D}}, 5], where Cf5 is given as:

M
Cbulk

X[P +(1 *P)D%/Ls] +(1—-x) [DZ/IM/LS]

cl = ®)

where LS stands for ‘liquid silicate’, LM stands for ‘liquid metal’, x is the
fraction of silicate, p is the fraction of molten silicate, C}, is the bulk
concentration (by weight) of siderophile element, DX /15 is the partition
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Fig. 6. A Variation of pressure and temperature during accretion for Earth, Mars, and Mercury. Adiabatic PT gradients might be typical as accretion proceeds for
Earth, Mars, and Mercury. B, C, D: evolving core compositions for Earth, Mars, and Mercury (respectively) as accretion proceeds and deepens/ heats. For Earth is the
scenario where oxygen fugacity starts near IW-4 and increases during accretion to IW-2 (Fig. 6A), and the metallic liquid composition (Xg, Xc, Xsi, and Xge) changes as
accretion proceeds and pressure increases. Similarly, the calculated core compositions are shown for Mars (6C; IW-1.5; mainly S- and C-bearing) and Mercury (6D;

IW-5; Si-rich core of 25% Si).
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coefficient (by weight) between solid silicate and liquid silicate, and
DM, /1 1S the partition coefficient (by weight) between liquid metal and
liquid silicate (calculated as described in Section 5.1.3 below). PT gra-
dients for hypothetical magma oceans (Fig. 6A) and values of x, p, C},
and Dgg ;¢ (for the light elements S, C, and Si) are tabulated for Earth,

Mars and Mercury in Supplementary Material Part 5 (Table S3). The
resulting core compositions evolve during accretion and as the magma
ocean deepens. For Earth (e.g., Badro et al., 2007; Siebert et al., 2011;
Righter et al., 2018), the initially high core Si content decreases at first
because the oxygen fugacity (or AIW) increases (from —4 to —2) and
that is a stronger effect on 4+ Si than the PT effects that cause an in-
crease in the core Si content. However, at higher PT conditions, and
where AIW has reached values near —2, those PT effects on Si parti-
tioning dominate and that is why the core Si content increases again.
The resulting core is a mix of Si, S, and C (Fig. 6B). For Mars, the redox
conditions and pressures conspire to keep Si out of the core and its core
is S- and C-bearing (Fig. 6C). For Mercury, the core is Si-rich and C- and
S-poor throughout accretion, with a dominantly Si-bearing core of
~25% Si (Fig. 6D).

5.1.2. Calculating activities of trace siderophile elements in FeNi metallic
liquids

Using the calculated Fe-S-Si-C metallic liquid compositions and PT
conditions from Section 5.1.1, activity coefficients for trace siderophile
elements can be calculated for each planetary body during accretion.
The y(M)net equation has been previously presented and is described in
detail in Supplementary Material Part 4. The metallic liquid composi-
tional variation in Si, C, and S causes several orders of magnitude change
in the activity coefficient of many trace metals (Fig. 7). For example, the
Si-rich core of Mercury results in high activity coefficients for many
elements, whereas activities in terrestrial and martian FeNi cores are
smaller and similar in most cases (Fig. 7). The elements exhibiting the
largest differences in activity coefficients between Mercury and Earth/
Mars conditions are P, Bi, Sb, Re where differences are as high as 10* to
10°. This is because the effect of Si is so much greater for these elements
than that of S and C (Fig. 7). Elements exhibiting moderate to large
differences (100-1000) in activity coefficients between Mercury and
Earth/Mars are W, Mo, Ga, Sn, In, As, Os, Ru, and Pt. Most of these are
due to strong effects in one element like C (Mo and W) or Si (Ga, Sn, In,
As, Os, Ru, and Pt) compared to effects of other light elements. Finally,
some elements exhibit a small difference in activity coefficients (<10)
between Mercury and Earth/Mars including Ni, Co, Cu, Nb, Cr, Mn, V,
Cd, Zn, Ag, Pb, Au and Pd. In these cases the small difference is attrib-
uted to moderate effects that are canceled out such as chalcophile ele-
ments that are also silicophobic, or simply those elements that have very
small interaction coefficients regardless if they are positive or negative.
These 27 elements illustrate the range of activity variations expected for
the terrestrial planets; several specific applications will be highlighted in
the next section.

5.1.3. Calculating D(metal/silicate) for FeNi metallic liquids and resulting
mantle concentrations

Application of our new activity model to some specific examples for
Earth, Mars and Mercury allows us to calculate concentrations of trace
siderophile elements in the liquid mantle after core formation. Con-
centrations of siderophile elements in the liquid mantle, or C¥, are
calculated using equation (5) above, and the values of x, p, Cf‘,’l’dk and

DY

s
tabulated for Earth, Mars and Mercury in Supplementary Material Part 5
(Table S3). Equation (5) also requires predictive expressions for the
Diyis is calculated

LS (for the trace elements instead of light elements S, C, and Si)

trace element metal/silicate partitioning, where

using:
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Fig. 7. Variation of activity coefficients for 27 elements in the activity model as
accretion proceeds along adiabatic PT gradients from Fig. 6, for Earth (solid
symbols), Mars (open symbols), and Mercury (gray symbols). Panel A shows
moderately siderophile elements Ni, Co, Mo, and W. Panel B shows volatile
siderophile elements Ge, Cu, P, and Sn. Panel C shows weakly siderophile el-
ements Mn, V, Cr, Ga, and Nb. Panel D shows volatile chalcophile elements Bi,
Cd, In, and Zn. Panel E shows chalcophile elements Pb, Ag, As, Sb, and Au.
Panel F shows highly siderophile elements Pt, Re, Ru, Os, and Pd. The largest
differences between the Fe metallic liquid compositions in Fig. 6B (i.e., Mercury
versus Mars or Earth) are shown by P, Bi, Sb, and Re. Intermediate effects are
shown by W, Mo, Ga, Sn, In, Au, Os, Ru, and Pt. Small to moderate differences
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M

InD'y s

= InDyj, 5 + In(M)met
alnfO, + b/T + cP/T + d(nbo/t) + e

(6)

where D’ILWM /15 is a partition coefficient that has been recalculated to take
into account the activity of the trace metal of interest, In DM, s+ Iy
(M)met. Thus, the partition coefficient expression becomes alnfO, + b/T
+ cP/T + d(nbo/t) + e - Iny(M)mer. The regression coefficients (a
through e) used in Equation (6) are derived for Re, Pt, Os, Ru, Mo, W,
and Ti by multiple linear regression of published partition coefficient
data. Although we have derived regressions for these analysis in previ-
ous work, many significant new contributions have been published and
those are combined with previous work to derive updated regressions
coefficients (see detailed discussion and information in Supplementary
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Material, Part 6, Fig. S6).
5.2. Ru, Re, Pt, Os, Mo, and W contents of mantles during Earth accretion

By combining the activity variations due to the changing metal
composition during accretion, with pressure, temperature, fO5, and melt
compositional effects on D(metal-silicate) (Equation (6), the mantle
abundances of these elements resulting from metal-silicate equilibrium
can be calculated in two fO, scenarios for the deep early molten Earth
(Equation (5). Previous work has shown that Earth’s mantle abundances
of Ni, Co, Mo, W, P, Mn, V, Cr, As, Sb, In, Ge, Ga, Zn, Bi, Cu, Cd, and Pb,
can be explained by metal-silicate equilibrium near 50 GPa, 3800 K, in
an accretion scenario with variable fO5, and resulting in a Si-rich core
(Righter et al., 2016, 2017, 2018, 2019; Siebert et al., 2013; Bouhifd and
Jephcoat, 2011; Fischer et al., 2015). We will examine the effect of Earth
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accretion upon three aspects of mantle geochemistry: Re/Os, Pt/Os and
Os isotopes, Mo and Ru isotopes, and Mo/W.

5.2.1. Re/Os, Pt/Os and Os isotopes

HSE concentrations in an early deep magma ocean have been studied
by a number of previous works (Mann et al., 2012; Holzheid et al., 2000;
Righter et al., 2008; Bennett et al., 2016). Au, Pd and Pt become higher
than observed in Earth’s mantle (Righter et al., 2018), and ultimately
require a process that removes them from the mantle. Our new results
for Pt are nearly identical to the previous work (Righter et al., 2018) and
support the recent conclusions of Suer et al. (2021) who confirmed the
high Pt solubilities in deep silicate melts as well; the latter study also
argues for a removal process to bring the post core formation Pt con-
centrations to levels commensurate with current mantle concentrations.
With the new results including more accurate effects of FeSi liquids than
previous efforts (e.g., Righter et al., 2015, 2018), Ru, Re, and Os can be
added to the modelling. Modeled mantle Re, Os, and Ru abundances are
all far lower than estimates of terrestrial BSE concentrations (Fig. 8). The
extremely low concentrations of Re, Os, and Ru at the end of accretion
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(or at least at the depth range that explains most other siderophile ele-
ments) means that some additional source is required to bring the
concentrations up to the higher levels of the BSE, such as a late veneer or
late accretion (Mann et al., 2012; Holzheid et al., 2000; Laurenz et al.,
2016; Righter et al., 2018), or trapping of some small fraction of metal in
the post core-formation mantle (e.g., Jones and Drake, 1986; Wang and
Fei, 2023). However, here (and below) we focus on the implications of
this early metal-silicate equilibrium for Os isotopes.

A deep magma ocean would have distinctive compositional traits
that will be critical to understanding potential fractionation of Re/Os
and Pt/Os. As the magma ocean deepens to 50 GPa, the Re/Os ratio of
the silicate melt changes from values of ~0.1 to 10 (Fig. 9A). These
values indicate that any of this early liquid that gets trapped in the
mantle will attain higher 1870s/'880s relative to chondritic values due to
the decay of '®’Re. Across the same depth range, the Pt/Os ratio in-
creases substantially over this timeframe from values as low as 0.001 to
~107 (Fig. 9A). In contrast to Re/Os, these high Pt/Os ratios indicate
that any of this early liquid that gets trapped in the mantle (e.g., Lab-
rosse et al., 2007) could become very radiogenic in '*¢0s due to the

Fig. 9. A: Evolution of Re/Os, Pt/Os, and Mo/W in

magma ocean in the same model presented in Fig. 8.

The Re/Os and Mo/W ratios increase modestly, while
the Pt/Os ratio becomes higher by several orders of
magnitude. This illustrates the potential for gener-
ating '8°0s enriched portions of the mantle from
decay of 19°Pt. early in Earth’s accretion and differ-
entiation history. ¥0s (derived from Pt decay) and
1870s (derived from Re decay) would thus be decou-
pled in looking for this early differentiation signature.
In addition, the Mo/W ratio of the BSE can be ach-
ieved by metal-silicate equilibrium at pressures near
35-40 GPa during Earth accretion and growth, and
does not require any special chemical additions such
as late S-rich accretion. Mo, W, Re, Pt, and Os values
from Palme and O’Neill (2014). Fig. 9B: Hf/W in
silicate Earth and Mars during accretion. Earth’s sili-
cate fraction easily achieves Hf/W at the base of a
35-40 GPa magma ocean. In contrast Mars’ silicate
fraction does not achieve values > 1 at the pressure
range favored for core formation models, yet the bulk
silicate Mars has Hf/W near 2. This weak leverage of
core formation on the Hf/W ratio suggests an
important role for silicate fractionation of Hf/W and
in the generation of W isotopes anomalies in Mars.
Representative error on calculated concentrations are
shown in both (A) and (B) for several points.
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decay of '°°Pt. Such trapped material could evolve to radiogenic
18605/1880s ratios that would be indicative of ancient material, while
also coupled with radiogenic '®70s/'880s. Measurements of elevated
18505,/1880s ratios in plume magmas show both correlated and uncor-
related variations in '80s/880s and '870s/880s ratios (Walker, 2009;
Ireland et al.,, 2011). Similar observations have been attributed to
ancient crust (Day et al., 2017; Day and Driscoll, 2019), but they might
also be due to ancient trapped mantle heterogeneities as has been
observed in other plume samples and using other isotopic systems such
as W, Nd, and Pt (e.g., Rizo et al., 2019; Touboul et al., 2012; Mundl-
Petermeier et al., 2020; Creech et al., 2017). Indeed, the early magma
ocean liquids would have the high Pt/Re ratios (>100) required to
explain some of the higher '#0s/'880s ratios measured in the Kea-trend
Hawaiian samples (Ireland et al., 2011). Although these early liquids
clearly have potential to develop high 20s/180s and 1870s/'®80s ra-
tios, they also have extremely low Os concentrations, and imparting that
isotopic signature onto the surrounding “normal” mantle with higher Os
contents will be a challenge. If such ancient trapped liquids are
responsible for the highly radiogenic plume (e.g., Hawaiian) signatures,
simple mixing constraints require that they dominate the source of the
plume melts as a major component, not a minor one.

5.2.2. Ru and Mo isotopes

Recent studies of Ru and Mo in planetary materials have revealed a
dichotomy in the meteoritic materials that represent the inner solar
system. The carbonaceous chondrite (CC) and non-carbonaceous chon-
drite (NC) source materials were recognized from Cr and Ti isotopes (e.
g., Warren, 2011; Dauphas et al., 2014) recently extended to Mo and Ru
(Budde et al., 2019; Hopp et al., 2020; Worsham et al., 2019; Ber-
mingham et al., 2018). Because Ru isotopes are commonly considered
with Mo, and form a correlation (e.g., Dauphas et al., 2004; Hopp et al.,
2018, 2020; Worsham et al., 2019; Bermingham et al. 2018), here we
revisit Ru and Mo by using our new results for Ru and updated re-
gressions for Ru and Mo. This new approach specifically allows the ef-
fects of Si to be accounted for both elements.

The updated Mo expressions yield a very similar result to that of
Righter et al. (2016) where Mo contents were attained during the main
phase of accretion (Fig. 8) and would thus be representative of the
materials that formed the main accretion stage of Earth. In contrast, the
very low Ru resulting from accretion and metal-silicate equilibrium
(Fig. 8) means that the Ru observed in BSE must have been added late.
Thus, the isotopic composition of Ru will be a good indicator of late
accretion source materials (also supporting the conclusion of Dauphas
et al., 2004).

Because the Ru isotopic composition of the BSE is very similar to
enstatite chondrites, Fischer-Godde and Kleine (2017) suggested that
the late veneer is dominated by inner solar system material. However,
Budde et al. (2019) showed that the Mo isotopic composition of the BSE
is a mixture of NC and CC contributions, and Fischer-Godde et al. (2020)
argued that late accreted materials could have been CC-like based on
mass independent Ru isotopic compositions of Eoarchean samples from
Isua, Greenland. Finally, Hopp et al. (2020) show that the Mo and Ru
isotopic data could be explained if both the late veneer and Moon-
forming are a mix of NC (or enstatite chondrite) and CC material.
Whether the late additions are a mix of CM + EH (e.g., Greenwood et al.,
2018) or a mix of NC + CC (Budde et al., 2019; Hopp et al., 2020), our
partitioning data support the concept of Mo representing main and later
stages of terrestrial accretion and Ru the latest stages of accretion. Even
if Mo was added late, its BSE concentration was established during the
main phase of terrestrial growth, and a late veneer (~1% of Earth mass)
comprised of 0.8 EH and 0.2 CM (for example) would add too little Mo to
the Earth to meaningfully change the Mo abundance. Overall this sup-
ports the conclusion of Dauphas (2017) and shows that it is robust for
the scenario of a core forming multi-component Fe-Ni-Si-S-C metallic
alloy.
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5.2.3. Mo/W ratio

The terrestrial Mo/W ratio is sometimes invoked to argue the need
for late sulfide segregation into the core (e.g., Wood et al., 2014; Jen-
nings et al., 2021). With our updated expressions, and ability to model
Fe-Ni-Si-S-C liquids, the known effects of these light elements can be
quantified. Our modelling shows that the BSE Mo/W value of ~3.9 can
be achieved by simple metal-silicate equilibration during accretion,
where the metallic liquid re-equilibrates with liquid mantle as PT con-
ditions increase (Fig. 9A). The values of BSE are attained in the PT in-
terval near 35-40 GPa, which is the depth range proposed in some
previous studies. This would not require any special scenario of a
sulfide-rich segregation event later in accretion. The difference from
previous modelling may be due to the current assessment including the
combined effects of all three Si, S, and C, rather than focusing on C
(Huang et al., 2021) or S and C (Wade et al., 2012).

5.3. Martian mantle Hf/W geochemistry imparted by core formation

The updated partitioning expression for D(W) can also be applied to
understanding the martian mantle Hf/W value, which has been used to
place constraints on the timing and conditions of martian core formation
(Brennan et al.,, 2020; Dauphas and Pourmand, 2011; Righter and
Shearer, 2003). Because the martian core is smaller, the fO, slightly
higher and the PT conditions slightly lower compared to Earth, and a
more refractory element enriched bulk martian composition (e.g., Tay-
lor, 2013), the martian Hf/W ratio is significantly lower than that of the
Earth and Moon (2-5, compared to 12-20 for Earth; Fig. 9B). Modelling
of the Hf/W ratio using our Mars core modelling from Section 5.1 shows
that this value remains low during core formation (~1.0), similar to the
constraints provided by martian meteorites (~2; Taylor, 2013). As a
result, this low Hf/W ratio (Fig. 9B) caused by core formation leaves a
post core formation martian mantle with only weak leverage on gener-
ation of 182W anomalies. However, the silicate differentiation of Mars
has left its elemental and isotopic fingerprint on martian mantle reser-
voirs (Foley et al., 2005; Kruijer et al., 2017; Debaille et al., 2009; Lapen
et al., 2010, 2017). These latter models require fractionation of Sm/Nd,
Lu/Hf, and Re/Os caused by deep and early silicate fractionation at the
base of a magma ocean. Thus it is more likely that the '32W anomalies in
the martian mantle (e.g., +0.5 to +1.8 in shergottites; Kruijer et al.,
2017 and +2 to +3 for nakhlites; Foley et al., 2005; Lee and Halliday,
1997) are caused by the significant and known fractionation of Hf and W
caused by most silicate phases during melting (e.g., Righter and Shearer,
2003). Modelling of the '32W anomalies should consider Hf/W frac-
tionation within the silicate fraction as well, and coordinate modelling
with other isotope systems (e.g., Zr) which might provide additional
constraints on timing (lizuka et al., 2016; Haba et al., 2021).

5.4. Conditions of Mercury core formation from MESSENGER data

Mercury is thought to be the most reduced terrestrial planet with its
large metallic core (e.g., Smith et al., 2012) and perhaps even a sulfide
layer at the base of the mantle (Namur et al., 2016). Because Ti becomes
siderophile at very reducing conditions, Ti may be a good indicator of
the redox conditions during core formation on Mercury. Cartier et al.
(2020) argue that Ti contents at the surface of Mercury are consistent
with core formation and do not require the existence of a sulfide layer in
the interior of Mercury. The work of Cartier et al. (2020) is a sound and
substantial contribution and allows consideration of this fundamental
aspect of Mercury’s differentiation. The general question of Ti distri-
bution within Mercury can be reconsidered here, because we now have
measured the specific effect of Si — a major element in Mercury’s core -
on the activity of Ti in Fe metallic liquids, which was not possible in
previous studies.

Mercury’s core size, coupled with bulk composition models, and
surface Ti data allow an estimate of redox conditions of core formation.
Using CM, EH and CB chondritic compositions to illustrate the effect of
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bulk composition (since Ti content of the chondritic building blocks will
be a fundamental control on any surficial Ti content), assuming Ti is
incompatible during mantle melting (D(Ti) mantle/melt = 0.01; Wang
et al., 2019), and considering the range of estimates of core size fraction
for Mercury (0.69 to 0.77), we calculate the magnitude of D(Ti) required

—&— calculated at 5 GPa, 2300 K, NBO/T=3

D(Ti) required
metallic core

AW

0.0 0.5 1.0 15 2.0
5 D(Ti) required
metallic core + sulfide layer
b CcM ]
; (+ <1% sulfide)
z EH
-6 CB (+ 2% sulfide) 1
CB (+ 1% sulfide)
8t ]
0.0 0.5 1.0 15 2.0

D(Ti) metal/silicate

Fig. 10. Constraints on fO, of Mercury core formation based on Ti partitioning
for scenarios with metallic liquid (A) and metallic liquid and sulfide (B). (A) If
Mercury bulk composition is that of CM or EH chondrites, segregation of a
metallic core at AIW ~—6 to —6.5 would explain the Ti content observed in the
crust of Mercury (based on Ti/Al = 0.035; Cartier et al., 2020). Small differ-
ences in core size (77% versus 69%) are represented by the width of the shaded
boxes; Ti behaves incompatibly D(mantle/melt = 0.01; Wang et al., 2019) and
the calculation assumes a molten mantle with a melt fraction of 20%. If Mer-
cury is made of CB chondrite-like material, the D(Ti) metal/silicate required is
higher and corresponds to values at AIW = —8.0, at the low end of range of
estimates for the interior of Mercury. (B) Because D(Ti) sulfide/silicate is much
higher than D(Ti (metal/silicate) sulfide could easily sequester Ti more effi-
ciently than metal. In such cases, the D(Ti) metal/silicate required to explain
the Ti/Al values would be lower than the metal only examples shown in (A). To
illustrate the role of sulfide, our calculations assume a D(Ti) sulfide/melt ~50
(see studies of Namur et al., 2016; Boujibar et al., 2019, 2020; Steenstra et al.,
2020). Even with a small amount of sulfide crystallizing out of the molten
mantle (<1%) would require a much lower D(Ti) metal/silicate with both the
CM and EH bulk compositions and allowing core formation to occur at IW-4 to
IW-6. In the case of a CB bulk composition, the fractionation of 1% to 2%
sulfide would allow the Ti/Al to be satisfied at IW-6 to IW-7.5, slightly higher
fO, than for the “metal only” case illustrated in A. For both (A) and (B) the
values of D(Ti) metal/silicate are calculated at 5.5 GPa, 2300 K, NBO/T = 3,
and gamma Ti in FeSi liquids as described in the Supplementary Material, part
4. Representative error on calculated D(Ti) is shown in (A) for several points.
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to explain the Ti/Al (Ti contents of ~280-350 ppm) at the surface
(Fig. 10A). For comparison, we calculate the value of D(Ti) as a function
of fO,, using a predictive expression derived as above using source data
compiled in Supplementary Material Part 6. P and T are fixed at values
near the core-mantle boundary (e.g., Hauck et al., 2013) — 5.5 GPa and
2300 K, with NBO/T fixed at a value of 3.0, and activity is calculated for
the Fe-Si liquid. The effect of Si will increase the activity coefficient for
Ti, and thus make Ti less siderophile, putting more Ti into the mantle.
Given this anticipated effect, it is possible the subchondritic Ti/Al ratio
measured by MESSENGER (Cartier et al., 2020) could be difficult to
explain by core formation, even at reducing conditions, because the D
(Ti) metal/silicate will remain low.

The calculated D(Ti) values at Mercurian core-mantle boundary
conditions (5.5 GPa, 2300 K, NBO/T = 3.0, and gamma Ti in FeSi liq-
uids) overlap the range of modelled Ds required to explain the surface Ti
contents, at values near IW-6 to IW-6.5 (Fig. 10A). If Mercury is CB-like
in bulk composition, the D(Ti) metal/silicate required are higher and at
a lower fO, (IW-7.5). Thus core formation appears to explain the Ti
content at the surface of Mercury, whether Mercury is made of CM-, EH-,
or CB-like chondritic material. However, because Ti is even more
compatible in sulfide than it is in metal, a small amount of sulfide
fractionation could lower the D(Ti) metal/silicate required during core
formation, thus allowing solutions at higher fO, (Fig. 10B). For CM or
EH compositions, the surface Ti/Al content can be explained by core
formation at IW-4 to IW-6 with even a small (<1%) sulfide fractionation,
and for a CB composition, the Ti/Al content can be explained by core
formation at IW-6 to IW-7.5 with 2% or 1% sulfide fractionation,
respectively. Sulfide fractionation might be more realistic at the higher
fO, range where sulfide saturation can occur at lower melt S contents
(1-2 wt% S; Malavergne et al., 2014) compared to lower fO5 (8-10 wt%
S; Malavergne et al., 2014). Mercury’s surface Ti/Al content can thus be
explained by either metallic liquid or metallic + sulfide liquid segre-
gation, depending on Mercury’s bulk composition and the oxygen
fugacity. These interesting results based on Ti should be explored in
more detail and could be combined with Cr and other lithophile/side-
rophile elements to place even more stringent constraints on Mercury’s
formation fO-.

6. Summary

Epsilon interaction parameters for Ru, Re, Pt, Os, Nb, Ta, and Ti have
been determined for FeSi alloys at 1600 °C and 1 GPa. These new values
demonstrate that Si has a substantial effect on the magnitude of the
activity coefficients for all seven elements. In addition, we determine
epsilon interaction parameters for V, Cr, As, Pb, Ga, and Zn that are in
agreement with previous studies (Righter et al., 2017, 2018). Nb should
be explored in more detail because its interaction parameter determined
here is much different than a previous study; resolving the magnitude of
the parameter will be important to a full understanding of Nb
geochemistry. We present an updated epsilon interaction parameter
model that allows calculation of activity coefficients for 27 trace side-
rophile elements in Fe-S-C-Si liquid systems. This new model is then
used to compare behavior for various elements and calculate activity
coefficients for siderophile elements during core formation in Earth,
Mars and Mercury.

Earth’s mantle concentrations of Pt, Mo, and W approach BSE at the
conditions of a deep magma ocean, whereas Ru, Re, and Os concentra-
tions are lowered to very low levels and require addition of material to
bring the concentrations of Ru, Re, and Os to the higher levels observed
in the BSE. Ru and Mo isotopes reinforce this scenario — Mo was estab-
lished by metal-silicate equilibrium during main stage of accretion and
core formation, while Ru was established by late addition of material
that could have been a mix of CM + E or NC + CC. The high Pt/Os and
Re/Os ratios in the post core formation terrestrial mantle could lead to
isolated portions that acquire '#60s/1880s and '¥”0s/'880s enrichments;
the coupled Os isotopic values may be a useful signature of ancient
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mantle material. Finally, the terrestrial Mo/W value can be achieved
during the main stage of accretion and core formation without late
addition of special sulfur-rich material. This reflects the combined ef-
fects of light elements Si, S, and C on the activity of Mo and W during
accretion.

Mars accreted and differentiated quickly as constrained by isotopic
studies (Nimmo and Kleine, 2007; Dauphas and Pourmand, 2011; Tang
and Dauphas, 2014). However, its low mantle Hf/W ratio measured in
martian meteorites, and calculated in core formation models, is difficult
to reconcile with the sizable W isotope anomalies in martian materials.
Instead, the anomalies can more easily be explained by silicate frac-
tionation of Hf/W that is expected in the deep mantle differentiation
constraints by other isotopic systems (Nd, Hf, Os; Righter et al., 2020;
Righter and Shearer, 2003).

The fO, prevailing during the formation of Mercury can be con-
strained by the distribution of Ti between core and mantle. Our results
show that the Si-rich core expected for Mercury would make Ti even less
siderophile than a Si-free core. Even with this reduction in siderophile
nature, the Ti content of the mantle is consistent with control by core
formation, with a D(Ti) near 0.2, and for a wide range of chondritic bulk
compositions — CM, H, and EH. For a CB bulk composition, Ti contents
could be explained by metal segregation (core formation) or a combi-
nation of metal and sulfide segregation. A combined assessment of Cr
and Ti may offer the strongest constraints on the fO, of Mercurian core
formation.
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Appendix A. Supplementary material

The Supplementary Material file contains additional information
(figures, tables, and text) about electron microprobe analysis (Part 1:
sample homogeneity and treatment of HSE interferences), LA-ICP-MS
analysis (Part 2: comparison of standards data), sample textures (Part
3: back scattered electron images of many run products from each se-
ries), activity modelling (Part 4: comparison of epsilon interaction pa-
rameters and the full activity model equations), assumptions used in
core formation modelling (Part 5: bulk planetary traits), and metal/sil-
icate partitioning regression analysis (Part 6: equations and comparisons
of predicted and measured partition coefficient values). Supplementary
material to this article can be found online at https://doi.org/10.1016/j.
gca.2023.06.014.
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