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Abstract

We present 275 new metal-silicate partition coefficients for P, S, V, Cr, Mn, Co, Ni, Ge, Mo, and W obtained at moderate
P (1.5 GPa) and high 7 (1683-1883 K). We investigate the effect of silicate melt composition using four end member silicate
melt compositions. We identify possible silicate melt dependencies of the metal-silicate partitioning of lower valence elements
Ni, Ge and V, elements that are usually assumed to remain unaffected by changes in silicate melt composition. Results for the
other elements are consistent with the dependence of their metal-silicate partition coefficients on the individual major oxide
components of the silicate melt composition suggested by recently reported parameterizations and theoretical considerations.
Using multiple linear regression, we parameterize compiled metal-silicate partitioning results including our new data and
report revised expressions that predict their metal-silicate partitioning behavior as a function of P-T-X-fO,. We apply these
results to constrain the conditions that prevailed during core formation in the angrite parent body (APB). Our results suggest
the siderophile element depletions in angrite meteorites are consistent with a CV bulk composition and constrain APB
core formation to have occurred at mildly reducing conditions of 1.4 4 0.5 log units below the iron-wiistite buffer (AIW),
corresponding to a APB core mass of 18 4+ 11%. The core mass range is constrained to 21 4 8 mass% if light elements
(S and/or C) are assumed to reside in the APB core. Incorporation of light elements in the APB core does not yield
significantly different redox states for APB core-mantle differentiation. The inferred redox state is in excellent agreement with
independent fO, estimates recorded by pyroxene and olivine in angrites.
© 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Geochemical planetary differentiation models derive
estimates of core formation conditions from siderophile ele-
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ment abundances in planetary mantles. Siderophile ele-
ments exhibit a preference for Fe-metal and their
partitioning between metal and silicate is controlled by
pressure (P), temperature (7), composition of metal and sil-
icate (X) and oxygen fugacity (fo,) (e.g., Walter et al., 2000;
Righter, 2003). Depletion patterns of siderophile elements
in planetary mantles are used to derive conditions at which
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liquid metal and liquid silicate equilibrated during core for-
mation, by comparison of their depletions with their exper-
imentally determined metal-silicate partitioning behavior as
a function of P-T-X-fO,. This approach has been applied to
smaller-sized bodies including the Moon (Rai and van
Westrenen, 2014; Steenstra et al., 2016a, 2017a), asteroid
4-Vesta (Righter and Drake, 1996; Holzheid and Palme,
2007; Steenstra et al., 2016b) and the angrite parent body
(APB) (Righter, 2008; Shirai et al., 2009; van Westrenen
et al., 2016). However, the outcome of these models relies
heavily on the accuracy of equations that predict the
metal-silicate partition coefficients of siderophile elements
as a function of P-T-X-fO, (Palme et al., 2011; Walter
and Cottrell, 2013; Rai and van Westrenen, 2014).

Previous studies have shown that metal-silicate parti-
tioning of siderophile elements including P, Ga, Mo, and
W may be strongly dependent on the composition of the sil-
icate melt (Hillgren et al., 1996; Jana and Walker, 1997a,b;
Righter et al., 1997; Walter et al., 2000; Righter, 2003;
Righter, 2011a,b; Steenstra et al., 2016¢). To date, few stud-
ies presented experimental results performed at isobaric and
isothermal conditions to isolate the effects of silicate melt
composition on D. As a result, experimental studies often
yield different, sometimes contradictory dependencies of
D on silicate melt composition. For example, Righter
(2011a) report a strong positive dependency of D(P) on
the four silicate melt major oxide components MgO,
Si0,, CaO, and FeO, whereas Rai and van Westrenen
(2014) report predominantly strongly negative dependen-
cies. Another example is the heated debate about whether
the metal-silicate partitioning of Ni and Co is dependent
or independent of silicate melt composition (Palme et al.,
2011; Righter, 2011a,b). Most of the currently published
low pressure metal-silicate partitioning data was obtained
for silicate melts that were relatively low in FeO (<15 wt.
%) and high in MgO (>25 wt.%), relevant for core forma-
tion in reduced bodies (e.g., Siebert et al., 2011). As a con-
sequence, it is possible that current parameterizations do
not fully account for silicate melt compositional effects on
metal-silicate partition coefficients. This could affect the
outcome of geochemical models of core formation in more
oxidized bodies, such as the angrite parent body (APB).

This study assesses the effects of MgO, FeO, and other
major silicate melt compositional parameters on the
metal-silicate partitioning of siderophile elements that are
most commonly used in geochemical models of core forma-
tion. We compare and contrast experimentally determined
D values using four end-member silicate melt compositions
(with low versus high MgO, CaO and SiO,). The data are
then used to provide improved parameterizations for pre-
dicting D, which are used to study core formation in the
APB.

Angrites are a diverse suite of relatively oxidized,
volcanic-plutonic and mafic achondrites that are thought
to have been derived from a differentiated asteroidal parent
body. Differentiation of the angrite parent body (APB) is
suggested from W isotope systematics (Kleine et al.,
2012), evidence for an early core dynamo based on mag-
netic field data (Weiss et al., 2008) and the depletion of a
number of siderophile elements (Ga, Co, Ni, Sb, Mo, W)

(Righter, 2008; Shirai et al., 2009) relative to its presumed
chondritic building blocks. However, there is still consider-
able debate about the interior structure of the APB, includ-
ing its core mass and composition. In addition, the extent of
melting during core formation and the prevailing redox
conditions are poorly constrained. Some authors argue
for the existence of a magma ocean on the APB, based on
the relatively homogenous A'’O isotope signature of
angrites that implies large-scale homogenization in a con-
vecting magma ocean (e.g., Greenwood et al., 2005;
Sugiura et al., 2005). Indeed, the crystallization ages of
angrites are within the range where 2°A1->*Mg would be a
major heat producing source, which is expected to result
in efficient melting and metal-silicate segregation (Schiller
et al., 2015). However, Kleine et al. (2012) suggest that core
formation in the APB was not a single metal-silicate equili-
bration event. They argue for a multi-step core formation
model, based on the existence of distinct Hf-W source ages.
These distinct age groups may also be explained by late
crystallization of kamacite and tetrataenite, as inferred
from angrite NWA 4801 (Riches et al., 2012) and/or post-
core formation addition of variable amounts of exogenous
iron-rich impactors (Baghdadi et al., 2015). Using our new
data we investigate the redox conditions that prevailed dur-
ing core formation in the APB and aim to further constrain
its physical properties (e.g., core mass).

2. METHODS
2.1. Experimental techniques

Experiments were performed using silicate mixtures of
high-purity powdered oxides and carbonates representing
synthetic analogues of the Apollo 14B black glass
(Delano, 1986), Apollo 15C green glass (Delano, 1986), a
typical lunar granite (Warren et al., 1983) and a terrestrial
basaltic composition (KB) (Appendix Section A.1). These
four silicate melt compositions provide compositional end
members in terms of SiO,, TiO,, MgO and CaO, and were
chosen to better constrain silicate melt compositional effects
on D and improve current parameterizations that predict
D. Metal powder mixtures were prepared by doping high-
purity Fe metal powder with 1.5 wt.% of siderophile ele-
ments Ni, Co, Mo, Ge, W, V and various amounts of
FeS to generate between 0 and 15 wt.% of S upon melting,
spanning current estimates of the S content of planetary
cores in the solar system (Table 1). Details of the prepara-
tion of the starting materials are provided in the Appendix
Section A.1.

Experiments were conducted in polycrystalline MgO
(3mm O.D., 1.5mm L[.D., 4 mm long) capsules and mix-
tures were loaded in a 2:1 silicate:metal ratio by weight.
Experimental conditions varied between 1683 and 1883 K
at a constant pressure of 1.5 GPa and were performed in
an end-loaded piston cylinder press (Boyd and England,
1960) in the high-pressure laboratory at Vrije Universiteit,
Amsterdam. All of the experiments used a 13 mm O.D.
talc-Pyrex pressure cell assembly, which consisted of con-
centric sleeves of (outer) natural talc, (inner) Pyrex glass,
a graphite furnace and a Al,O; crushable sleeve spacer
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Table 1
Experimental run conditions and products (all runs performed in
MgO capsules at 1.5 GPa).

Run # Comp* T(K) t(min) AIW®  AIW®
GGS-1 GG+ 0% S 1783 15 -1.11  —1.11
GGS-2 GG+2%S 1783 15 —141  -141
GGS-3 GG+2% S 1783 15 -127 —1.27
GGS+4 GG +4%S 1783 15 —1.13  —1.13
GGS-5 GG+ 6% S 1783 15 -092 —0.92
GGS-6 GG+ 6% S 1783 30 -1.01  -1.02
GGS-9 GG+ 10%S 1783 15 —1.46 —1.46
GGS-10 GG+10%S 1783 15 -121 -121
GGS-11  GG+10%S 1783 15 -123  —-1.23
GGS-12  GG+10%S 1783 15 -1.06 —1.06
GGS-16 GG+8%S 1883 15 -127 —1.28
GGS-18 GG+10%S 1883 15 -1.19  -1.17
LGS4 LG+ 6% S 1683 15 -1.88 —1.88
LGS-5 LG+ 6% S 1683 30 —132  -1.33
LGS-7 LG+8% S 1683 15 -1.35 —1.37
LGS-11  LG+8%S 1883 15 -1.75  —-1.76
LGS-12 LG+10%S 1883 120 —2.53  —2.53
LGS-13  LG+10%S 1883 60 —1.65 —1.66
LGS-14 LG+15%S 1883 60 -1.95  —2.00
LGS-15 LG+15%S 1883 60 -217 =215
LGS-16 LG+0%S 1883 60 -195 —1.95
LGS-17 LG+0%S 1883 30 —1.87 —1.87
KB-1 KB+10%S 1883 30 -1.58 —1.60
KB-2 KB+10%S 1883 30 -1.74  —-1.78
KB-3 KB+15%S 1883 60 —2.18 =220
KB4 KB+ 0% S 1883 60 —2.14 -2.14
KB-5 KB+ 0% S 1883 60 —249 249
KB-6 KB+15%S 1883 60 —239  —2.40
BG-1 BG+10%S 1883 30 -1.18  -1.19
BG-2 BG + 0% S 1883 60 —153  —1.54
BG-4 BG + 0% S 1883 30 —141  -141

* GG: Apollo 15 green glass; LG: lunar granite; KB: Knippa
basalt; BG: Apollo 14 black glass.

® Assuming ideal mixing behavior of Fe.

¢ Assuming non-ideal mixing behavior of Fe.

9 Metal consisted of S-poor and S-rich metal phases.

(van Kan Parker et al., 2011). Pressure calibration was
based on the fayalite + quartz = ferrosillite and albite = ja-
deite + quartz equilibria (van Kan Parker et al., 2011)
resulting in a friction correction of <3% and a pressure
uncertainty of 0.1 GPa, consistent with literature data on
comparable assemblies (McDade et al., 2002). Tempera-
tures were measured and controlled using a type “D” W-
Re (Wo7-Res - Wos-Re,s) thermocouple contained in a four
bore alumina sleeve, which was placed on top of a thin
(0.6 mm) ruby disc on top of the sample capsule. Due to
the increased distance of the thermocouple tip to the sample
reported temperatures are adjusted 10 K upwards from the
thermocouple readings (Wood et al., 2014). Samples were
first heated at a rate of 100 K/min to 1073 K. At 1073 K,
the samples were sintered for 60 min to reduce the porosity
and permeability of the MgO capsule. Samples were then
heated at a rate of 100 K/min to the intended peak temper-
atures (Table 1). Pressure was gradually increased during
heating (hot piston-in technique). Run times were kept rel-
atively short (<120 min) to minimize sample - capsule wall
interaction and to minimize loss of Ni and Co (Tuff et al.,
2011). To ensure equilibrium metal-silicate partitioning,

run times of >15 min were used that have been previously
shown to be sufficient for attaining equilibrium for similar
capsule dimensions and P-T conditions (e.g., Kiseeva and
Wood, 2013; Steenstra et al. 2016¢c; Appendix Section A.5).
After the desired run time, experiments were rapidly
quenched by shutting off the power to the furnace, while
simultaneously maintaining pressure. The recovered sam-
ples were mounted in petropoxy resin, sectioned perpendic-
ular to the long axis of the capsule and fine polished using
<1 pym diameter diamond grains for electron microprobe
and LA-ICPMS analyses.

Typical run products (Fig. 1) consisted of large spherical
blobs (<400 um diameter) of Fe-rich metallic alloys embed-
ded in a quenched silicate. The silicates show typical
skeletal-shaped quench crystals embedded in interstitial
glass. Compositions that were initially poor in MgO
showed a significant increase of MgO, which reflects reac-
tion with the surrounding capsule walls (Thibault and
Walter, 1995; Hillgren et al., 1996; Killburn and Wood,
1997; Tuff et al., 2011). The metal is composed of S-rich
and S-poor immiscible phases and shows a variety of
exsolution- and quench textures (Fig. 1), similar to those
observed by e.g. Blanchard et al. (2015), confirming the lig-
uid state of the metal upon quenching.

2.2. Analytical techniques

Samples were analyzed for metal and silicate major ele-
ment abundances with a JEOL JXA 8800M Electron
Microprobe at Vrije Universiteit Amsterdam or a JXA
JEOL 8530F field emission electron probe microanalyser
at the Dutch National Geological Facility at Utrecht
University (Tables 2 and 3). Metal and silicate phases were
analyzed with a defocused beam of which the diameter was
roughly equivalent to the step size, ranging between 5 and
15 pm, using a beam current of 20 nA and an accelerating
voltage of 15 kV. Where possible, at least 25 repeat analyses
were performed for the metal and silicate portions in each
charge and care was taken to avoid analyzing the reaction
rims close to the capsule walls or areas close the edge of
each phase (e.g., Wood et al., 2014). Counting times were
as follows: 30 s peak and 15s background for major ele-
ments (Si, Al, Ti, Cr, Ga, Mg, Fe, Mn), 20 s peak and
10 s background for minor elements (P, W, V, S, Mo, Ge,
Ga, Co, Ni).

Metal standards were KTiPOs for P, tephroite for Mn,
chalcopyrite for S and pure metal standards for V, Cr,
Fe, Co, Ni, Ge, Mo and W. Silicate analyses were cali-
brated with diopside for Si and Ca, forsterite for Mg,
corundum for Al, hematite for Fe, tephroite for Mn,
KTiPOs for P and K, TiO for Ti, jadeite for Na, chalcopy-
rite for S and pure metal standards for Cr and Ge, V, W,
Co, Ni, Mo. Data reduction was performed using the ®
(rZ) correction (Armstrong, 1995). The instrument calibra-
tion was deemed successful when the composition of sec-
ondary standards was reproduced within the error
margins defined by the counting statistics.

Some of the trace element abundances in the silicate (Ni,
Co, Mo, Ge, W) and metal (V, Cr, Mn) were close to or
below electron microprobe detection limits. Laser ablation
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Fig. 1. Backscattered electron images of typical run products. Panel (a) shows the distinct separation between metallic blobs (bright white)
and quenched silicate (grey). Both the metal and silicate show clear quench textures, confirming their liquid state upon quenching (b—d).

inductively coupled mass spectrometry (LA-ICPMS) was
therefore used to measure their abundances (Tables 2 and
3). Sample ablation was performed with a pulsed 193 nm
ArF excimer laser (Analyte G2, Photon Machines) at the
University of Miinster, using a repetition rate of 10 Hz
and an energy of ~3-4 J/cm? throughout the entire session.
Beam sizes varied between 25 and 50 pm. The following iso-
topes were measured: 284, T4, °'V, >3Cr, *Mn, *°Co, “Ni,
2Ge, **Mo, and '3*W, with yields calibrated on the NIST
612 glass standard as primary standard. To monitor the
accuracy of the NIST 612 calibration, Hoba, Arispe, Toco-
pilla and Campo del Cielo iron meteorites were used as sec-
ondary standards for the metals, while two USGS basaltic
glass standards (BCR-2G, BIR-1G) were used for silicates.
To monitor the accuracy of the calibration, the NIST 612
calibration was checked every 50 analyses for metals and
every 20 analyses for silicates. Internal standards for metal
and silicate phases were Ni and Si, respectively, as previ-
ously determined by electron microprobe analysis. Data
reduction was performed using GLITTER software (van
Achterbergh et al., 2001; Griffin et al., 2008) and included
monitoring and/or identification of heterogeneities (e.g.,
metal inclusions in silicate) or vertical compositional
variation.

A full comparison of our analyses with recommended/
published values of the silicate and metal external standards
is provided in Appendix Section A.2. We observe that for
all standards our results agree well with recommended
and/or literature values. However, the measured metal
major element abundances (>1 wt.%) obtained with LA-
ICPMS show a systematic offset compared to values
obtained by electron microprobe analysis. This is probably
a consequence of incomplete ablation of refractory ele-
ments (e.g., Wood et al. 2014), which is substantiated by
the excellent agreement between trace elements abundances
(<300-400 ppm) measured in the silicate melt by LA-
ICPMS and electron microprobe. We therefore use electron
microprobe analyses to quantify the abundance of major
elements in the metal.

3. RESULTS
3.1. Metal-silicate partitioning
We can consider metal-silicate partitioning of sidero-
phile elements as a basic reaction that defines the distribu-

tion of element M between a metal phase and a silicate
melt:
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metal n silicate
M ”+102:M0n}2t (1)

with n the valence of the cation M in the silicate liquid. We
can then define the partition coefficient Dy, as the ratio of
the molar fraction of M in the metallic phase over MO,,»
in the silicate liquid:

metal
M

DM = xsilicate (2)

MO, >

The effects of variables pressure (P), temperature (7)
and melt composition on metal-silicate partitioning can
be isolated by treatment of the results independent of fO,,
by considering that the metal-silicate exchange of cation
M is related to the reduction-oxidation of iron (e.g.,
Wade and Wood, 2005; Corgne et al., 2008):

Moii;izcute 4 gFemetal _ %Feosilicate 4 Mmetal (3)

Taking the logarithm of the equilibrium constant K,,,,
results in Eq. (4):

(i) () OB

. /2 /2
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+ log

where the first term on the right hand side of the equation is
defined as the exchange coefficient K%, and is directly
obtained from experiments, whereas the second and third
terms relate to the activity coefficients of M(O),,> and iron.
Eq. (4) shows that the activity of siderophile elements in
metallic alloys may be affected by the composition of the
alloy. These effects can be addressed by using the epsilon
approach or using a multiple linear regression approach
(Sections 3.1.1,3.1.2).

3.1.1. The epsilon approach

The epsilon approach is a thermodynamic approach
used to correct for the effects of solutes on the activities
of other solutes in the metal, using interaction and activity
coefficients derived mostly from the steelmaking industry
(Wade and Wood, 2005). The elemental activity coefficients
in the metallic liquid for each experiment were calculated
with the epsilon approach using the metal activity calcula-
tor accessible via http://norris.org.au/expet/metalact/
(Wade and Wood, 2005) assuming interaction parameters
for carbon-absent experiments. For our calculations, we
assume the following valences: 2+ for Ni, Co, Ge, Cr,
Mn, 3+ for V, 4 or 5+ for P and 4 or 6+ for W (e.g.,
Corgne et al., 2008; Wood et al., 2014; Appendix Sec-
tion A.4). Previous workers also found that W exists dom-
inantly as 6+ in silicate melts under ranges of pressures,
temperatures or composition that are broader than those
studied here (Cottrell et al., 2009a,b; Wade et al., 2012).
For Mo, we use either 4+ (at conditions more reducing
than AIW = —1) or 6+ (at conditions more oxidizing than
AIW = —1, with IW the fO, of the iron-wiistite buffer)
(Righter et al., 2016; Appendix Section A.4) and assuming

non-ideal mixing behavior of Fe in metal, where y’F“:‘al is

calculated using the online metal activity calculator
(Wade and Wood, 2005). For additional details of the epsi-
lon approach the reader is referred to Appendix Sections
A3 and A.7.

3.1.2. The multiple linear regression approach

The effects of metal composition on metal-silicate par-
titioning of siderophile elements can also be studied by
performing multiple linear regression on a wide range of
compiled experimental metal-silicate partitioning data
(e.g., Righter, 2011a; Rai and van Westrenen, 2013,
2014; Steenstra et al., 2016a, 2017a) (Eq. (5)):

log D = a + b(AIW) + ¢; (x}30) + e2 (x36)
+es(xanor) (e +es(ie ™)
+d(1/T) +e(P/T) + fln(1 — xg=)
+ gln(1 — x2) + hin(1 — Xt (5)

where D is the metal-silicate partition coefficient of an ele-
ment, defined by its weight concentration in metal divided
by its weight concentration in silicate, 7" is temperature in
Kelvin and P is pressure in GPa. Parameter AIW is the oxy-
gen fugacity (fO,) relative to the iron—wiistite buffer (IW),
defined by Eq. (6):
A g

ATW = 210g ( metal ) = 210g (xmetal ) + 210g ymetal (6)

e Fe Fe

where ajili¢te and xilic© are the activity and molar frac-
tion of FeO in the silicate melt and am®¥! and xm¢@! the
activity and molar fraction of Fe in the metal phase,
respectively (e.g., Siebert et al., 2011). The effect of sili-
cate melt composition is parameterized using mole oxide
fractions of the silicate melt (Eq. (5)) and x@l, xmtl and
xmetal represent the molar fractions of sulfur, carbon and
nickel in the metallic alloy. The latter parameters mimic
the Margules parameters for activity coefficients as used
in the epsilon approach (Righter, 2011a). Although we
do not explicitly take into account the effects of solutes
other than S, C, and Ni on siderophile element activities
into account, the agreement between the epsilon and mul-
tiple linear regression approaches suggests these effects
are limited.

The drawbacks and advantages of both parameteriza-
tion approaches have been discussed elsewhere (e.g.
Burkemper et al., 2012; Steenstra et al., 2016b), and the
outcome of both approaches is very similar. We use K,
values (Eq. (4)) to assess the effect of silicate melt composi-
tion, whereas we use the multiple linear regression
approach (Eq. (5)) to study core formation in the APB
because the latter approach is more convenient.

3.2. Oxygen fugacity and valence states

Oxygen fugacity (fO,) exerts a major control on the par-
titioning behavior of siderophile elements, generally result-
ing in a decrease of D with increasing fO, with their slope
defining their dominant valence state in the silicate melt
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Table 2

Major and minor element composition of silicate melts determined by EPMA and LA-ICP-MS.

Run # GGS-1 GGS-2 GGS-3 GGS-4 GGS-5 GGS-6 GGS-9 GGS-10 GGS-11 GGS-12 GGS-16 GGS-18
EPMA (wt.%) N=63" N=71 N =54 N=67 N=72 N=Is N=52 N=50 N=54 N=48 N=66 N=46
MgO 12.76(2.23)°  16.71(2.11)  14.33(2.46)  13.58(2.02)  11.39(2.50)  3.80(0.99)  14.83(2.54) 16.92(1.38) 11.76(2.75) 14.82(1.29) 21.81(2.15)  17.84(2.09)
SiO, 35.23(0.18)  39.06(0.13)  38.02(0.24)  38.50(0.21)  29.73(0.89)  25.77(0.30)  38.18(0.22)  35.51(0.33)  35.05(0.33) 34.45(0.28)  35.46(0.23)  31.55(0.30)
ALO; 8.61(1.06)  8.54(0.83)  9.01(1.02)  7.80(0.82)  7.89(1.17)  9.55(0.49)  10.54(1.18)  7.20(0.40)  8.32(0.85)  7.37(0.39)  7.040.71)  7.25(0.43)
Ca0 10.12(1.29)  11.08(1.17)  10.47(1.28)  9.09(1.02)  10.09(1.47)  19.71(0.89)  13.45(1.59)  8.97(0.69)  13.70(1.52)  8.69(0.60)  8.29(0.92)  9.71(1.07)
FeO 29.97(0.60)  22.16(0.34)  25.53(0.37) 27.81(0.42)  35.53(0.83)  28.34(0.81)  19.92(0.60)  25.76(0.21)  24.30(0.55)  28.89(0.24)  24.44(0.52)  25.84(0.41)
MnO 0.13(0.01)  0.150.01)  0.150.01)  0.14(0.01)  0.1400.01)  0.14(0.01)  0.16(0.01)  0.153(0.004) 0.150(0.005) 0.143(0.003) 0.144(0.005) 0.17(0.01)
Cr,04 0.380.01)  0.36(0.01)  0.39(0.01)  0.41(0.01)  0.17(0.08)  n.d. 0.23(0.02)  0.23(0.03)  0.07(0.02)  0.39(0.05)  0.33(0.01)  0.13(0.02)
TiO, 0.28(0.04)  0.30(0.03)  0.29(0.04)  0.26(0.03)  0.27(0.04) 0.30(0.02) 0.35(0.04)  0.24(0.02)  0.29(0.03)  0.25(0.02)  0.23(0.03)  0.25(0.02)
V10, - - - - - - 3.1000.32)  1.90(0.24)  2.44(0.22) - 2.78(0.24)
P,0s 0.78(0.07)  0.44(0.03)  0.56(0.04)  0.74(0.05)  1.22(0.15)  3.88(0.22)  0.60(0.04)  1.27(0.09)  2.68(0.32)  1.27(0.06)  0.86(0.06)  1.75(0.14)
WO3 0.66(0.09)  0.18(0.03)  n.d. 0.37(0.06)  2.39(0.40)  6.84(0.37)  0.26(0.05)  0.52(0.04)  0.90(0.11)  0.71(0.05)  0.49(0.06)  0.99(0.10)
SO3 0.06(0.01)  0.11(0.01)  0.250.03)  0.66(0.08)  0.94(0.16)  1.96(0.29)  0.17(0.02)  0.25(0.02)  0.35(0.04)  0.57(0.04)  0.56(0.07)  0.71(0.08)
Total 99.05(0.23)  99.24(0.24)  99.06(0.22)  99.53(0.16)  99.87(0.30)  100.49(0.51)  99.02(0.20)  100.27(0.12) 99.65(0.19)  100.15(0.13) 99.75(0.13)  99.08(0.21)
LA-ICP-MS N=6 N=38 N=10 N=3 N=7 N=4 N=5 N=5 N=35 N=5 N=8 N=9
CaO (Wt.%)  8.94(0.12)°  11.14(0.28)  9.71(0.19)  8.22(0.33)  8.27(0.36)  16.29(1.24)  12.62(0.69)  8.18(0.41)  9.35(0.96)  8.55(0.80)  8.24(0.27)  8.49(0.54)
TiO, 0.27(0.003)  0.31(0.01)  0.28(0.004)  0.24(0.01)  0.24(0.01)  0.30(0.02)  0.34(0.01)  0.23(0.01)  0.23(0.03)  0.250.02)  0.24(0.01)  0.24(0.01)
V505 - - - - - - - 3.15(0.28)  1.88(0.26)  2.42(0.14)  — 2.85(0.12)
Cr,04 0.37(0.01)  0.37(0.01)  0.41(0.004)  0.38(0.01)  0.30(0.01)  0.08(0.02)  0.320.02)  0.23(0.03)  0.09(0.01)  0.36(0.02)  0.33(0.01)  0.16(0.01)
Mn (ppm) 981(10) 1115(11) 1116(7) 1058(22) 968(12) 1105(36) 1078(31) 1110(8) 999(57) 1032(27) 1098(26) 1164(30)
Co 141(3) 91(2) 121(2) 244(7) 177(6) 220(25) 95(4) 137(6) 134(8) 216(9) 161(5) 150(4)

Ni 15(3) 8.0(0.8) 11.0(0.3) 28(1) 14(1) 24(3) 8.1(1.2) 12(1) 13(1) 17(1) 17(2) 11(1)

Ge - - - - - - - 24(5) 26(2) 35(4) - 27(3)

Mo 36(1) 13(2) 13(1) 31.5(0.1) 130(11) 792(52) 11(1) 27(3) 25(2) 47(8) 33(2) 37(4)

w 5079(156)  1711(57) 2422(28) 2844(72) 15,062(802)  41,097(2702) 2515(145)  3559(143)  5150(363)  4771(191)  3644(242)  6071(345)
Run # LGS-4 LGS-5 LGS-7 LGS-11 LGS-12 LGS-13 LGS-14 LGS-15 LGS-16 LGS-17 KB-1 KB-2
EPMA (wt.%) N=48 N=52 N=34 N=30 N=33 N=57 N=42 N=42 N=49 N=49 N=38 N=38
MgO 9.89(0.06)  9.34(0.04)  9.11(0.11)  22.30(1.17)  21.20(0.38)  20.75(0.50)  24.14(1.33)  23.18(0.15)  20.10(1.36)  19.53(0.81)  24.66(2.97)  29.28 (4.00)
Si0, 56.54(0.14)  50.63(0.08)  51.27(0.18)  45.54(0.32)  46.69(0.13)  42.18(0.23)  42.73(0.13)  47.01(0.08)  41.57(0.31)  41.94(0.20)  28.18(0.67)  30.07(1.12)
ALO, 11.100.04)  9.73(0.03)  9.50(0.06)  8.85(0.38)  11.66(0.10)  9.54(0.13)  10.15(0.38)  10.12(0.06)  8.71(0.38)  8.00(0.20)  6.79(0.30)  6.51(0.70)
Ca0 142(0.02)  1.26(0.01)  1.58(0.12)  1.04(0.09)  1.97(0.11)  1.43(0.07)  1.38(0.10)  1.31(0.03)  1.65(0.14)  1.39(0.06)  11.32(1.24)  10.38(1.54)
FeO 11.62(0.12)  21.31(0.11)  20.51(0.17)  13.81(0.26)  5.52(0.13)  14.56(0.27)  9.72(0.25)  8.14(0.11)  11.46(0.14)  12.52(0.19)  16.93(0.85)  13.84(1.00)
MnO 0.03(0.01)  0.03(0.01)  0.0400.01)  0.03(0.01)  0.031(0.004) 0,033(0.03) 1.38(0.04)  0.730.01)  3.91(0.07)  4.40(0.08)  0.020(0.004) 0.012(0.004)
Cr,04 - - - - - 1.01(0.05)  0.66(0.01)  1.67(0.14)  1.850.12)  — -

TiO, 0.31(0.01)  0.28(0.01)  0.250.01)  0.24(0.02)  0.31(0.01)  0.26(0.01)  0.26(0.02)  0.263(0.004) 0.23(0.01)  0.21(0.01)  2.72(0.20)  2.54(0.30)
Na,O 0.70(0.01)  0.58(0.01)  0.55(0.01)  0.31(0.02)  0.68(0.01)  0.31(0.01)  0.57(0.03)  0.52(0.01)  0.65(0.04)  0.59(0.02)  2.37(0.37)  2.29(0.50)
K0 8.35(0.05)  6.94(0.04)  7.03(0.08)  5.71(0.23)  7.61(0.06)  5.89(0.09)  6.41(0.27)  6.00(0.05)  6.65(0.04)  6.21(0.18)  1.63(0.23)  1.52(0.30)
V50, - - - - 0.97(0.02)  1.13(0.03)  1.58(0.06)  0.84(0.01)  2.42(0.15)  2.51(0.13)  1.41(0.19)  0.73(0.07)
P,0;s 0.17(0.01)  0.31(0.02)  0.24(0.01)  0.110.01)  0.017(0.005) 0.21(0.03)  0.250.01)  0.13(0.01)  0.08(0.01)  0.091(0.004) 2.60(0.25)  1.90(0.23)
W03 0.08(0.03)  0.16(0.04)  0.06(0.03)  n.d. nd. n.d. 0.090.01)  0.05(0.01)  n.d. n.d. 1.7500.25)  1.36(0.26)
SO3 0.1500.02)  0.33(0.01)  0.27(0.01)  0.28(0.02)  0.19(0.01)  0.34(0.02)  0.70(0.06)  0.51(0.06)  0.028(0.004) 0.023(0.003) 1.11(0.16)  1.61(0.33)

(continued on next page)
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Table 2 (continued)

Total 100.43(0.11)  100.97(0.10)  100.04(0.28) 98.27(0.17)  96.96(0.12)  97.26(0.16)  100.47(0.14) 99.55(0.11)  99.80(0.14)  99.93(0.13)  101.67(0.21) 102.19(0.37)
LA-ICP-MS N=6 N=9 N=7 N=13 N=8 N=9 N=12 N=12 N=12 N=11 N=10 N=11
CaO (Wt%)  1.31(0.06)  1.18(0.02)  1.31(0.05)  1.03(0.02)  1.80(0.03)  1.30(0.04) 1.28(0.04)  1.23(0.01)  1.53(0.03)  1.21(0.07)  11.26(0.52)  10.93(0.94)
TiO, 0.300.01)  0.28(0.003)  0.29(0.01)  0.250.01)  0.32(0.01)  0.26(0.01)  0.27(0.01)  0.27(0.003)  0.24(0.003)  0.20(0.01)  2.76(0.09)  2.63(0.15)
V,0; - - - - 1.03(0.02)  1.17(0.03) 1.55(0.03)  0.79(0.01)  2.45(0.04)  2.32(0.08)  1.54(0.03)  0.93(0.03)
Cr,04 - - - - - - 1.0000.02)  0.61(0.01)  1.58(0.04)  1.58(0.07)  — -

Mn (ppm) 236(8) 233(2) 263(5) 210(4) 207(4) 208(4) 10,979(240)  5480(71) 30,257(265)  31,209(627)  157(4) 108(5)
Co 48(5) 107(1) 117(2) 86(2) 34(1) 107(2) 96(2) 74.0(0.3) 47(1) 54(2) 121(2) 104(4)

Ni 5.8(1.4) 6.4(0.6) 8.4(1.8) 8.0(0.7) 3.1(0.4) 7.7(0.5) 10.8(0.4) 8.0(0.2) 5.2(0.4) 6.9(1.2) 11(1) 15(2)

Ge - - - - 3.3(0.5) 16(1) 26(1) 21(2) 3.7(0.3) 5.2(0.4) 52(1) 99(8)

Mo 0.7(0.2) 4.3(0.6) 3.6(0.6) 1.7(0.1) 0.3(0.1) 4.00.4) 4.7(0.3) 1.6(0.1) 2.9(0.2) 3.3(0.2) 128(4) 148(10)
W 186(29) 941(101) 2014(203)  374(17) 25(2) 661(31) 584(21) 255(13) 248(6) 267(9) 12,705(415)  10,002(693)
Run # KB 3 KB4 KB5S KB 6 BG-1 BG 2 BG 4

EPMA (wt.%) N=63 N=35 N=45 N=40 N=33 N=25 N=42

MgO 24.86(2.29)  25.72(2.56)  26.54(2.82) 24.88(1.94) 24.91(2.28) 22.72(2.37)  24.34(1.42)

Si0, 33.30(0.28)  32.43(0.38)  33.14(0.35)  31.51(0.36)  20.08(0.78)  22.37(0.41)  21.36(0.69)

ALO; 7.94(0.40)  6.41(0.42)  7.61(0.48)  8.16(0.34)  4.00(0.15)  3.16(0.13)  4.11(0.13)

Ca0 12.82(1.08)  12.82(1.11)  13.02(1.32) 14.81(0.72)  6.73(1.01)  10.27(1.75)  8.22(0.82)

FeO 8.32(0.25)  10.05(0.40)  6.65(0.31)  6.86(0.25)  26.10(0.94)  18.95(0.45)  22.49(0.49)

MnO 0.61(0.02)  1.65(0.04)  1.46(0.04)  1.00(0.02)  0.22(0.01)  3.61(0.08) 1.19(0.02)

Cr,0; 0.80(0.09)  0.55(0.09)  0.72(0.12)  0.32(0.03)  0.47(0.09)  0.74(0.12)  0.51(0.05)

TiO, 3.350.19)  2.92(0.21)  3.19(0.22)  3.82(0.20)  14.92(0.73)  11.75(0.42)  15.89(0.63)

Na,O 2.81(0.29)  2.87(0.40)  3.14(0.44)  3.50(0.34)  0.20(0.04)  0.57(0.07)  0.26(0.03)

K,0 1.7500.15)  2.03(0.22)  2.17(0.25)  2.33(0.19)  0.14(0.02)  0.46(0.14)  0.19(0.02)

V,0; 1.30(0.07)  1.250.11)  0.93(0.12)  0.66(0.04)  n.d. 0.72(0.18)  nd

P,Os 0.99(0.06)  0.85(0.06)  0.56(0.05)  1.35(0.05)  0.99(0.11)  2.35(0.34)  0.97(0.07)

WO3 0.73(0.02)  0.43(0.05)  0.14(0.01)  0.47(0.04)  1.01(0.16)  1.13(0.22)  0.77(0.08)

S0O3 0.93(0.08)  0.050.01)  0.07(0.01)  1.74(0.17)  1.33(0.43)  0.10(0.01)  0.13(0.01)

Total 100.62(0.25) 100.14(0.38) 99.41(0.37)  101.51(0.32) 101.28(0.50) 99.02(0.45)  100.52(0.32)

LA ICP-MS N=13 N=12 N=14 N=12 N=12 N=12 N=10

CaO (Wt%)  12.11(0.34)  10.53(0.77) 11.81(1.52)  14.14(0.39)  7.24(0.25)  10.55(0.93)  8.47(0.46)

TiO, 3.28(0.07)  2.57(0.17)  2.90(0.30)  3.72(0.07)  15.67(0.32)  10.47(0.30)  16.41(0.60)

V,0; 1.1000.01)  1.30(0.05)  0.97(0.06)  0.91(0.01)  0.87(0.04)  1.21(0.09)  0.74(0.03)

Cr,0; 0.69(0.02)  0.51(0.06)  0.57(0.09)  0.30(0.01)  0.37(0.02)  0.51(0.07)  0.38(0.03)

Mn (ppm) 4782(66) 11,455(276)  10,569(427)  7678(79) 1684(22) 25270(637)  9121(140)

Co 96(2) 58(2) 30(1) 66(2) 322(5) 92(4) 117(3)

Ni 15(1) 7.8(1.1) 5.5(0.4) 13(1) 56(1) 12(1) 32(2)

Ge 35(1) 17(1) 7.1(0.6) 38(2) 175(5) 29(1) 46(3)

Mo 16(1) 23(2) 6.3(0.4) 24(2) 282(5) 65(2) 92(3)

W 2200(57) 2995(320)  957(122) 3109(71) 7795(309)  7808(752)  5066(279)

# Number of analyses.

® Values in parentheses are 2 standard errors for EPMA and LA-ICPMS in terms of least digits cited.

¢ Not determined.
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Table 3

Major and minor element composition of metallic melts determined by EPMA and LA-ICP-MS.

Run # GGS-1 GGS-2 GGS-3 GGS-4 GGS-5 GGS-6 GGS-9 GGS-10 GGS-11 GGS-12  GGS-16  GGS-18
EPMA (Wt.%) N =67" N=8I N=72 N=68 N=63 N=98 N=64 N=4] N=49 N=64 N=7I N=56

Fe 90.48(0.21)° 91.040.37)  89.94(0.39) 82.53(0.38)  87.85(0.52)  87.00(0.20)  87.52(0.40) 83.89(0.35)  83.31(0.26) 80.86(0.39) 84.68(0.52) 83.34(0.47)
P 0.52(0.04)  0.72(0.08)  0.38(0.05)  0.18(0.01)  0.23(0.02)  0.102(0.004) 0.64(0.05)  0.95(0.07) 1.02(0.08) 0.88(0.10)  0.66(0.06)  1.06(0.13)
A% - - - - - - - 0.032(0.004)  0.025(0.004) 0.03(0.01) - 0.04(0.02)
Cr 0.008(0.002) 0.01(0.01)  0.01(0.01)  0.01(0.01)  b.d.l. b.d.l. b.d.l. 0.003(0.001)  0.003(0.001) 0.009(0.004) 0.019(0.003) 0.004(0.004)
Mn 0.008(0.002) 0.009(0.003) 0.011(0.003) 0.010(0.003) 0.009(0.003) 0.010(0.003) 0.010(0.004) 0.004(0.002)  0.003(0.002) 0.003(0.001) 0.002(0.001) 0.003(0.002)
Co 1.89(0.02)  1.63(0.01)  1.73(0.03)  2.61(0.04)  2.20(0.03)  2.87(0.02)  2.53(0.10)  2.18(0.03) 2.37(0.02) 275(0.04)  2.08(0.04)  2.14(0.04)
Ni 1.85(0.05)  1.52(0.01)  1.76(0.05)  3.19(0.06)  1.94(0.02)  2.42(0.02)  1.77(0.04)  1.46(0.01) 1.85(0.01) 1.97(0.03)  1.85(0.04)  1.51(0.03)
Ge - . - - - . - 2.51(0.15) 2.48(0.04) 2.830.07) - 2.24(0.06)
Mo 1.88(0.05)  1.60(0.09)  1.58(0.08)  3.04(0.11)  3.22(0.10)  2.94(0.04)  2.22(0.14)  2.53(0.16) 2.45(0.11) 2.81(0.22)  2.21(0.14)  2.48(0.17)
w 1.46(0.03)  1.40(0.03)  1.44(0.04)  1.650.06)  1.31(0.04)  0.45(0.03)  2.00(0.04)  2.32(0.05) 2.29(0.05) 2.1200.11)  1.67(0.06)  1.92(0.07)

S 0.20(0.07)  0.82(0.27)  0.75(0.30)  2.34(0.31)  1.35(0.45)  2.95(0.22)  1.57(0.32)  1.62(0.38) 1.62(0.25) 3.15(0.64)  4.29(0.68)  4.30(0.85)
Total 98.31(0.14)  98.75(0.13)  97.60(0.15) 95.56(0.19)  98.13(0.19)  96.99(0.20)  98.27(0.11)  97.49(0.09)  97.49(0.09) 97.47(0.07)  97.47(0.10)  99.05(0.23)
LA (ppm) N=10 N=9 N=9 N=5 N=7 N=5 N=10 N=3 N=35 N=38 N=3§ N=6

v - - - - - - - 576(20) 278(52) 98(10) - 114(14)

Cr 122(8)° 249(17) 280(30) 179(7) 116(4) 62(8) 202(11) 80(17) 52(10) 113(7) 376(15) 70(17)

Mn 3.0(0.3) 5.5(0.9) 5.9(1.3) b.d.c 4.4(0.6) 3.6(0.5) 4.8(0.8) nd. ¢ 12(2) 4.0(0.5) 11(2) 3.7(0.7)

Co 17,994(366)  15,449(279) 16,912(104) 23,905(523) 20,368(231) 26,858(515) 18,202(236) 17,723(428)  20,782(468) 25,055(795) 17,114(234) 17,298(638)
Ge - - - - - - - 21,451(7505)  22,995(1321) 28,062(967) — 20,895(265)
Mo 15,326(398) 11,313(301)  14,915(254) 20,295(969) 25,862(768) 20,763(803) 19,677(972) 20,487(5796)  20,410(1316) 20,427(896) 13,845(474) 18,748(507)
w 9795(220)  8031(200)  10,703(130) 9598(505)  8586(438)  2520(80) 14,319(335)  13,155(2286)  15,626(1268) 12,962(934) 9413(290)  8556(147)
Run # LGS 4 LGS-5 LGS-7 LGS-11 LGS-12 LGS-13 LGS-14 LGS-15 (FeS) LGS-15 (S-poor) LGS-16  LGS-17  KB-I
EPMA (Wt.%) N =8I N =104 N =103 N=55 N=56 N=92 N=49 N=29 N=30 N=56 N=56 N=4

Fe 85.54(0.38)  82.97(0.61) 84.69(0.28) 85.13(0.19)  83.46(0.58) 82.99(0.67) 76.93(0.67) 61.88(1.17)  77.59(0.37) 90.48(0.16)  90.52(0.16)  84.73(0.54)
P 1.75(0.09)  0.92(0.08)  1.47(0.06)  1.06(0.06)  1.31(0.11)  0.96(0.11)  1.76(0.18)  0.08(0.05) 2.36(0.18) 0.87(0.06)  1.13(0.07)  0.36(0.04)
v - - - - 0.16(0.2)  0.02(0.02)  0.17(0.07)  0.13(0.04) 0.07(0.01) 0.08(0.02)  0.09(0.02)  0.026(0.004)
Cr - - - - - 0.020(0.003) 0.37(0.08) 0.11(0.01) 0.23(0.02)  0.25(0.03) -

Mn 0.007(0.002)  0.008(0.002) 0.007(0.002) 0.003(0.001) 0.003(0.002) 0.003(0.001) 0.02(0.01)  0.36(0.10) 0.004(0.003) 0.02(0.01)  0.03(0.01)  0.003(0.002)
Co 1.85(0.03)  2.39(0.04)  2.02(0.02)  2.16(0.01)  2.29(0.03)  2.27(0.06)  2.39(0.09)  1.00(0.15) 2.58(0.05) 1.740.01)  1.65(0.01)  2.31(0.04)
Ni 1.27(0.04)  1.750.02)  1.90(0.01)  1.92(0.01)  1.67(0.02)  1.82(0.03)  1.94(0.08)  1.34(0.27) 2.03(0.03) 1.450.01)  1.43(0.01)  1.62(0.03)
Ge - - - - 2.81(0.08)  2.75(0.05)  2.35(0.10)  0.17(0.24) 2.73(0.08) 1.590.01)  1.67(0.01)  2.43(0.07)
Mo 1.49(0.08)  3.09(0.15)  2.24(0.06)  3.00(0.08)  3.04(0.13)  3.05(0.15)  2.42(0.17)  0.63(0.12) 2.92(0.16) 1.76(0.05)  1.72(0.05)  2.69(0.13)
w 2.73(0.08)  2.50(0.07)  1.70(0.04)  2.21(0.03)  2.43(0.05)  2.16(0.14)  2.68(0.14)  0.04(0.01) 3.35(0.15) 1.65(0.01)  1.65(0.01)  1.03(0.03)

S 2.97(0.36)  3.83(0.75)  4.12(0.35)  3.96(0.22)  2.61(0.60)  4.77(0.63)  8.30(1.18)  31.63(1.22)  5.82(0.82) 0.22(0.06)  0.15(0.04)  4.72(0.76)
Total 97.72(0.12)  97.55(0.12)  98.22(0.13) 99.46(0.13)  99.80(0.15)  99.23(0.17)  99.31(0.18)  97.67(0.62)  99.58(0.11) 100.10(0.09) 100.32(0.09) 99.92(0.15)

(continued on next page)
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Table 3 (continued)

LA (ppm) N=5 N=10 N=9 N=9 N=7 N=38 N=10 N=10 N=7 N=10 N=10 N=8

\% - - - - 2044(171)  506(86) 1492(179) 1841(666) 823(89) 1063(256)  947(192) 203(44)
Cr - - - - - - 4355(477)  4554(1106) 1525(204) 2539(308)  2890(324) -

Mn b.d.l 2.8(0.3) 1.9(0.2) 4.8(0.8) 5.2(1.1) 3.3(0.7) 255(33) 481(65) 31(11) 790(313) 438(88) 47(1.2)
Co 16,017(870)  20,355(489) 18,460(386) 19,399(170) 20,209(384) 23,997(538) 23,182(552) 8960(664) 19,762(2159) 14,004(206)  14,381(232) 20,030(493)
Ge - - - - 24,519(1125) 27,408(882) 25,618(1225) 1662(1147) 20,680(2717) 13,787(177)  15,422(365) 21,601(791)
Mo 7977(1189)  23,425(1680) 13,033(685) 13,624(216) 15,850(633) 20,463(1375) 13,859(1108) 3699(584) 20,390(4589) 13,511(283) 12,765(244) 16,729(982)
w 12,768(3602) 16,752(780)  8327(577)  11,173(298) 14,122(686) 15,423(936) 10,548(1135) 405(331) 18,881(4599) 12,037(349)  11,077(244)  5490(198)
Run # KB-2 KB-3 KB-4 KB-5 KB-6 BG-1 BG-2 BG-4

EPMA (wt.%) N =41 N =54 N=28 N=49 N=39 N=42 N=156 N=42

Fe 81.62(0.68)  80.36(0.49)  91.15(0.25) 89.94(0.29)  82.61(0.42)  81.77(0.43)  90.15(0.12)  90.29(0.19)

P 0.20(0.03)  0.39(0.03)  0.35(0.03)  0.63(0.09)  0.25(0.01)  0.15(0.02)  0.78(0.05)  0.43(0.05)

A 0.016(0.004) 0.044(0.005) 0.03(0.01)  0.05(0.01)  0.03(0.00)  0.012(0.003) 0.011(0.002) 0.012(0.003)

Cr - 0.18(0.02)  0.09(0.03)  0.22(0.03)  0.09(0.01)  0.007(0.003) 0.013(0.003) 0.016(0.004)

Mn 0.003(0.002) 0.007(0.002) 0.02(0.01)  0.02(0.01)  0.01(0.01)  0.005(0.002) 0.012(0.004) 0.005(0.003)

Co 2.38(0.06)  2.67(0.06)  1.71(0.01)  1.68(0.01)  2.09(0.03)  2.95(0.06)  1.70(0.01)  1.73(0.01)

Ni 1.73(0.04)  2.17(0.04)  1.47(0.01)  1.44(0.02)  1.57(0.01)  2.01(0.03)  1.44(0.01)  1.57(0.01)

Ge 2.44(0.10)  2.47(0.08)  1.61(0.01)  1.56(0.02)  1.73(0.03)  2.81(0.08)  1.60(0.01)  1.70(0.02)

Mo 2.66(0.14)  2.40(0.15)  1.56(0.04)  1.70(0.10)  1.74(0.05)  3.43(0.23)  1.61(0.04)  1.81(0.07)

w 0.78(0.04)  2.14(0.12)  1.40(0.01)  1.47(0.03)  2.55(0.06)  0.61(0.04)  1.47(0.01)  1.00(0.01)

S 7.46(0.94)  4.67(0.81)  0.14(0.05)  0.31(0.10)  4.35(0.40)  4.66(0.76)  0.16(0.04)  0.32(0.08)

Total 99. 31(0.20)  97.52(0.14)  99.60(0.22)  99.06(0.15)  97.04(0.23)  98.45(0.18)  98.97(0.08)  98.89(0.14)

LA N=10 N=10 N=10 N=10 N=10 N=10 N=10 N=10

(ppm)

v 200(18) 531(70) 223(27) 566(92) 363(57) 31(9) 18(1) 58(9)

Cr - 2768(270)  919(59) 2606(302) 1090(102) 194(50) 112(9) 277(23)

Mn 4.5(0.8) 130(28) 315(64) 391(59) 255(23) 11(3) 117(5) 113(14)

Co 20,929(308)  22,686(423)  15,317(469) 13,935(1390) 16,594(719)  26,135(1129) 15,040(223) 13,776(116)

Ge 23,122(799) 22,075(558) 14,715(309) 13,771(1331) 18,143(1291) 25,472(685) 14,649(166) 14,277(116)

Mo 15,988(672)  12,950(1020) 11,955(551) 13,858(1291) 10,262(620) 20,844(2454) 13,945(523) 11,810(483)

w 4028(236)  9880(917)  9782(709)  10,883(1007) 11,001(1416) 3421(557)  10,663(515) 5971(141)

# Number of analyses.
® Values in parentheses are two standard errors in terms of least digits cited.
¢ Below detection limit.
9 Not determined.
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(e.g., Newsom and Drake 1982, 1983; Walter et al., 2000;
Righter, 2003; Appendix Section A.4). In Eq. (6), fO, is
sometimes assumed to reflect ideal behavior of Fe and
FeO in which their activity coefficients (y) are unity. The
activity coefficient of FeO in the silicate melt is often
assumed to be unity, as a consequence of significant uncer-
tainties in y3lit as a function of silicate melt composition
(e.g., O'Neill and Eggins, 2002). In addition, the ratios of
yiilicte and that of the activity coefficients of siderophile ele-
ments in silicate melts have been found to be constant for
several elements (O’Neill and Eggins 2002; Siebert et al.,
2011). However, y= may change with the amount or type
of solutes dissolved in the liquid metal. In Table 1, we there-
fore report both fO, assuming ideal mixing behavior of Fe,
and that for non-ideal behavior, using the activities of Fe
calculated by the online metal activity calculator (Wade
and Wood, 2005).

We find that the calculated fO, assuming non-ideal
behavior is only lower than calculated for the ideal mixing
case when significant amounts (several wt.%) of S are dis-
solved in the metal, because the calculated y2e®! is close to
1 for all other experiments (Table 1). In addition, it is likely
that ym! in our non-ideal modeling is overestimated for S-
rich Fe alloys (>10 wt.% S; Wood et al., 2014), suggesting
that the discrepancy between ideal and non-ideal fO, values
for runs with S-rich metals is likely smaller than shown in
Table 1. Results from this study, summarized in Appendix
Section A.4 and assuming non-ideal mixing behavior of
Fe, generally confirm the assumed valences of 2+ for Mn,
Cr, Ge, Co, Ni, 3+ for V, 5+ for P and 6+ for W. For
Mo, we observe a transition from 4+ to 6+ at ~AIW = —1,
in excellent agreement with the recent observations of
Righter et al. (2016). The inferred 2+ valence for Ge is in
excellent agreement with Kegler and Holzheid (2011). How-
ever, metal-silicate partitioning data for P, Mo and W from
the Knippa basalt (KB) and black glass (BG) series consis-
tently show slopes that are less steep than that from the
other compositions considered here (Appendix Section A.4).
In these series, we may be observing a 4+ valence state for P,
Mo and W. This must result from a change of their solubil-
ity, hence activity coefficients, in the silicate melt. Major
compositional differences between the KB and BG series
and the two other compositions considered are their TiO,
contents. Our results therefore seem to confirm the findings
of O’Neill and Eggins (2002), that suggested enhanced solu-
bility (and therefore decreased activity coefficients) of Mo*"
over Mo®" in Ti-rich compositions, relative to Ti-poor com-
positions. Similar behavior may also be expected for P and
W in these compositional series, but more research is needed
to confirm these findings. For example, O’Neill et al. (2008)
suggest that there is no enhanced solubility of W** over W+
in Ti-rich silicate melt and that W is dominant in silicate
melts across a wide fO, range. However, the latter study
focused on high-SiO, compositions, whereas the BG and
KB runs contain ~10 wt.% less SiO, than the compositions
studied by O’Neill et al. (2008). As the trend for all three ele-
ments is consistent, we use 4+ valence states for calculation
of the K, values of P and W (Eq. (4)) in these two compo-
sitional series.

3.3. Silicate melt composition

The use of four silicate melt compositional end-members
in our experiments allows us to reassess the effect of silicate
melt major element composition on D. By using the epsilon
approach (and resulting K, values), the metal-silicate par-
titioning is corrected for any difference in fO, or metallic
melt composition (Appendix Sections A.3, A.6). The
metal-silicate partitioning of these elements should then
only be affected by changes in silicate melt composition.
The silicate melt compositions in this study mainly varied
in CaO, MgO, FeO and SiO, and the new data presented
in this study is used to assess their effects on D. The exper-
imental compositional range of AL O3 (xi%¢ = ~0.02—
0.07) in this study is too limited to assess its effect.

3.3.1. CaO and MgO

Previous studies have suggested that both CaO and
MgO may affect the solubility of some siderophile elements
in silicate melts, including Mo and W (O’Neill and Eggins,
2002; O’Neill et al., 2008). Covariance analysis on our new
dataset suggests xi' (and x3i5) are not correlated, which
makes them independent silicate melt parameters (Appen-
dix Section A.9). We observe a distinct dependency of K,
for P, Mo and W on x{li<te of the silicate melt (Fig. 2). This
can be explained by the formation of silicate melt com-
plexes of the form CaMO,, resulting in a decrease of their
metal-silicate partition coefficients (e.g., O’Neill and
Eggins, 2002; O’Neill et al. 2008). The effect of CaO seems
to be the most dominant factor that determines the metal-
silicate partitioning of P, Mo and W as a function of silicate
melt composition, which agrees with previous studies that
concluded Ca”" has a stronger influence on enhancing the
solubilities (and lowering activity coefficients) of both
Mo*" and Mo®" and W®", relative to Mg?" (O'Neill and
Eggins, 2002; O'Neill et al. 2008). An increase of yjica® with
increasing CaO contents of the silicate melt was also
reported by Wood and Wade (2013). Given the similar par-
titioning behavior of P, Mo and W, similar trends are
expected for P, which is also evident from our data
(Fig. 2). These well-defined trends can be used to correct
the K,,, P, Mo, and W values to study other silicate melt
compositional effects (Appendix Section A.7). We note that
a strong negative dependency of the metal-silicate partition-
ing of P, Mo, and W is consistent with the parameteriza-
tions proposed by Rai and van Westrenen (2014) and
Steenstra et al. (2016a,b). Although the formulation of
the parameterizations of Righter et al. (2010) and the data-
sets used for their parameterizations are slightly different, it
is noteworthy to mention that the latter derive a strong
increase in D(Mo, P) with CaO contents of the silicate melt
— contrary to what is found here. Similarly, Sharp et al.
(2015) report a positive CaO term for W using the same
type of parameterization, but their negative CaO term for
Mo agrees with the work presented here. These differences
could be related to which datasets are used for the param-
eterizations. For example, the parameterizations of Righter
et al. (2010) are partly based on the experiments of Jana
and Walker (1997b), where the metals contain up to 20
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wt.% of trace elements. This most likely will affect the activ-
ity of these elements in the metal, which could result in dis-
crepancies. It could also result from correlation between
silicate melt parameter terms. In our dataset, we observe
no systematic dependency of K,p,, for any of the other ele-

ments considered here on x{ilice,

4 or 6+ 4 or 5+
log K,pp Mo log Kypp P
O

Iog Kapp VV 4 or 6+

Similar, but less extreme dependencies of D (P, Mo, W)
have been suggested for MgO, which would result from the
formation of MgMO, complexes (O'Neill and Eggins,
2002; O’Neill et al., 2008). This is also what is seen in this
study, at least for Mo and P. After correction for variable
CaO contents, their K,,, values clearly decrease with
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Fig. 2. K,pp P, Mo, and W versus molar fraction of CaO in the silicate melt (where BG refers to Apollo 14 black glass, GG to Apollo 15 green
glass, KB to Knippa basalt and LG to lunar granite). Errors on K,p, are the maximum errors calculated assuming 2SE for electron
microprobe and 2SE for LA-ICPMS analyses and are generally smaller than symbol sizes.
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Xyisae of the silicate melt (Fig. 3). For Mo, this dependency
is somewhat scattered, which is likely due to differences in
SiO, contents (Fig. 4; see next section). There also seems
to be a hint of K,,, W decreasing with MgO of the silicate
melt, although the correlation between K,,, W and MgO is
far less pronounced than that for Mo and P (Fig. 3). The
significant offset of the K,,, W value with the lowest
MgO value could result from the unquantified effects of sig-
nificant amounts of dissolved S in the silicate melts, or
alternatively, from an overestimation of the effect of CaO
on K,p, (Appendix Section A.7). The decrease of
D(P, Mo, W) with x;id'{gg‘e of the silicate melt is consistent
with most previous parameterizations (Rai and van
Westrenen, 2014; Sharp et al., 2015; Steenstra et al.,
2016a.b; this study). Wood and Wade (2013) reported a
decrease of yysae and pWEe in increasingly more
MgO-rich silicate melts. However, Wood and Wade (2013)
noted that there are relative high uncertainties in 7}l and
in the melting point and entropy of melting of MoO,, which
may explain some of the contradictory observations.

Interestingly, there seems to be some dependency of D
(Ni) on the MgO contents of the silicate melt, which will
be discussed in more detail in Section 4.1.

3.3.2. SiO,
The effects of SiO, on the metal-silicate partitioning of
siderophile elements may be significant due to silicon’s net-
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work forming capabilities (e.g., Mysen et al., 1982). For a
number of elements, no significantly effects of SiO, are
observed within our new experimental dataset. Exceptions
seem to be Ge, V, Ni, and Mo. Their K,, values seem to
increase with xglisate (Fig. 4). These results may imply that
polymerization of the silicate melt makes Ge, V, Ni, and
Mo less compatible in the silicate melt.

We note that a (non-linear) dependency of yiict® on
x36™e was also found for Ni by Borisov (2007) (discussed
in more detail in Section 4.1). For Ge and Mo, our results
agree well with the positive dependencies derived from
parameterizations of a wider range of metal-silicate parti-
tioning (Rai and van Westrenen, 2014; Sharp et al., 2015;
Steenstra et al., 2016a, this study) and solubility data for
Mo*" and Mo®" (Burkemper et al., 2012). Wood and
Wade (2013) also suggested that Kp Mo increases with
increasing Si contents of the silicate melt. We note that
xgsde is strongly correlated with both xglig® and xyfea®
within our new dataset and this likely explains the higher
degree of scatter for K,p,, Mo (Appendix Section A.9;
Fig. 4). The dependence of D(Ge) on xgi<e is in agreement
with the results of Kegler and Holzheid (2011), who
reported a negative dependency of D(Ge) on nbo/t of the sil-
icate melt.

Detailed studies on the solubility and activity of V*" are,
to our knowledge, not available, which prohibits in depth
comparison of our work. Previously reported effects of sta-
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Fig. 3. Kupp versus molar fraction of MgO (xjia) in the silicate melt. K,pp P, Mo, W were normalized to xlig' = 0.01 (Appendix
Section A.7). Errors on K, are the maximum errors calculated assuming 2SE for electron microprobe and 2SE for LA-ICPMS analyses and
are generally smaller than symbol sizes.
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tistically significant nbo/t terms derived for V are at least
consistent with our hypothesis that D(V) is dependent on
the SiO, content of the silicate melt, and therefore, the
extent of polymerization of the melt (Wood et al., 2008;
Siebert et al., 2011). The dependence of both Ge and V par-
titioning on x5 could also result from different ALO3

contents as xgyis*® and x}[G¢ are also highly correlated.
However, the range of xj;55¢ in our dataset is quite limited
(0.02-0.07), relative to the xglis* range of 0.20-0.50, which
implies either that effects of x}}3¢ are very strong or that
x3s2 indeed affects K,pp, V and Ge.

3.3.3. FeO

Fe®" has been shown to mainly act as a network modi-
fier in silicate melts, thereby affecting the structure of sili-
cate melts (e.g., Mysen and Virgo, 1985) and possibly
affecting D. Because the oxidation state of a planetary body
during core formation determines the FeO content of the
silicate mantle, a wide range of mantle FeO contents are
found among the terrestrial bodies. For example, current
estimates of FeO in the Martian and lunar mantle are 18
+2 wt.% and 10.5 £ 2.5 wt.%, respectively (Rai and van
Westrenen 2013, 2014 and references therein). Any effects
of FeO on D should therefore be well quantified. After cor-
rection of solute interaction in the metal and variable fO,, it
seems however that the metal-silicate partitioning of most
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Fig. 4. K,pp versus molar fraction of SiO, (x§l<*) in the silicate melt. K,y

siderophile elements considered here is independent of
FeO, or only very slightly affected by FeO. This could also
be a result of scattering due to the strong positive correla-
tion between xiliste and xiilicate and the negative correlation
of xjiliete with xyict®, both of which greatly affect the metal-
silicate partitioning of many siderophile element considered
here (Appendix Section A.9). An exception is S. Its metal-
silicate partitioning has been shown to be independent of
fO, and fS,, but instead dependent on silicate melt compo-
sition, through FeO and the sulfide capacity or Cs (e.g.,
Mavrogenes and O’Neill, 1999; Rose-Weston et al., 2009;
Boujibar et al. 2014; Steenstra et al. 2016¢). Our data are
consistent with prior observations: D(S) decreases within
the range of relatively high FeO contents of the silicate
melts in this work (Fig. 5). At lower FeO, D(S) would
decrease as well, resulting in a parabolic dependency of D
(S) on the FeO content of the silicate melt (Boujibar
et al., 2014). However, the D(S) data for the KB series show
a significant offset from the data for the other three compo-
sitions. This is likely explained by a silicate melt composi-
tional effect on Cg, which could be related to the different
Na,O and/or possibly K,O contents of these experiments
(Boujibar et al. 2014). We also note that the previously
reported strong or negative xjiic® dependencies for D(P,
Mo, W) (Righter et al., 2010; Rai and van Westrenen
2014; Sharp et al. 2015) are not evident from our new
data.
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Mo was normalized to x{liite = 0.01 (Appendix Section A.7). Error

bars for K, represent the maximum errors assuming 2SE for electron microprobe and 2SE for LA-ICPMS.
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4. DISCUSSION

4.1. Effects of silicate melt composition on metal-silicate
partitioning of Ni

It is commonly assumed that the metal-silicate partition-
ing of lower valence elements, including Ni, Co, V, Ge, Mn,
and Cr, is not significantly affected by changes in silicate
melt composition (Holzheid et al., 1997; Wood et al.,
2008; Palme et al., 2011; Siebert et al., 2011). For some ele-
ments (Mn, Cr, Co), this assumption is validated by data
from this study (Table 4). However, for Ni (and Ge, V), a
clear dependence of their metal-silicate partition coefficients
on silicate melt composition is observed (Fig. 4; Table 4).

Our data suggests that K,,, Ni seems to differ with dif-
ferent type of silicate melt compositions considered.
Numerous previous workers that studied the distribution
of Ni between olivine and silicate melt concluded that
MgO is indeed strongly positively correlated with yslicate,
and thus with NiO solubility in silicate melts (Hart and
Davis, 1978; Takahashi, 1978; Campbell et al., 1979;
Jones, 1984; Seifert et al., 1988; Ehlers et al., 1992). This
would result in decreasing siderophile behavior of Ni with
increasing MgO content of the silicate melt. O’Neill and
Eggins (2002) also concluded that a fundamental chemical
property of melts controls 73, They also found that there
is no obvious correlation between yiiste and any simple
compositional variable. Instead, they suggested that yjimelt
may correlate with y;‘,}‘%‘e but lack of sufficiently accurate
thermodynamic measurements of ys'“c“” prohibits an ade-
quate assessment as of yet (O’Neill and Eggins, 2002).
O’Neill and Eggins (2002) predicted that yiliite should ini-
tially decrease with MgO until x3ie3® ~0.16 and then
increase again (which would result in an initial increase of
Kapp Ni and subsequent decrease, similar to the observa-
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Fig. 5. D (S) versus molar fraction of FeO (xli<) in the silicate
melt. Vertical error bars for are propagated from the 2SE errors of
repeat analyses of metal and silicate in each run. Horizontal errors
represent maximum errors based on 2SE errors of repeat analyses
of silicate in each run.

tions in this study). Colson et al. (2005) re-examined this
issue and developed a predictive model for yilisi. They pro-
posed that variations in 95l are correlated with both the
structure of the silicate melt and the MgO and CaO con-
tents of the silicate melt, at least within the range of 0.3—
0.55 for xyjea® + X, Borisov (2006) subsequently studied
ysilicite in high SiO, silicate melts and found that y§licte and
hence its solubility, is actually affected by the SiO, contents
of the silicate melt in a non-linear fashion.

Although the nbo/t term (Mysen et al., 1982) has been
shown to be insufficient as a single silicate melt composi-
tional term due to contrasting effects of Mg and Ca on
activities of trace elements (O’Neill and Eggins, 2002), D
(Ni) has been shown to decrease with nbo/t from a wider
range of studies (e.g., Righter et al., 2011 and references
therein). However, Wood and Wade (2013) suggested that
yslicate decreases when melts becoming increasingly more
forsteritic, which can be considered as an increase of D
(Ni) with nbolt. Other workers (e.g., Holzheid et al., 1997;
Palme et al. 2011) disputed a compositional dependence
of D(Ni), as it was found that yiiic® is usually highly corre-
lated with 5ilicte (O’Neill and Eggins, 2002). Although the
activity coefficients are indeed highly correlated, the ratio
of pilicate ang ssilicte has been shown not to be constant
(Pretorius and Mudn, 1992; O’Neill and Eggins, 2002). This
seems to falsify the hypothesis that Ni metal-silicate parti-
tioning is completely independent of silicate melt composi-
tion as suggested by some workers (e.g., Holzheid et al.,
1997; Siebert et al., 2011; Palme et al., 2011), in agreement
with the work presented here. Our results are most consis-
tent with the observations of Colson et al. (2005) and
Borisov (2006), that suggest that MgO, CaO and SiO,
affects the solubility of Ni** in silicate melts. As of yet,
these complexities are still not well understood and are dif-
ficult to account for in current geochemical models of core
formation. Fortunately, the inferred silicate melt composi-
tional dependencies of D(Ni) are limited and will not signif-
icantly affect the outcome of geochemical models of core
formation.

s111cate

4.2. Modeling approach used for studying core formation in
the angrite parent body

To assess the X-fO, conditions of core formation in the
angrite parent body (APB), we combine the new data from
this study with previously published experimentally deter-
mined metal-silicate and sulfide-silicate partitioning data
(Peach and Mathez, 1993; Thibault and Walter, 1995;
Gaetani and Grove, 1997; Righter and Drake, 2000;
Chabot and Agee, 2003; Kegler et al., 2008; Righter
et al., 2010, 2011; Siebert et al., 2011; Wade et al., 2012;
Ballhaus et al., 2013; Kiseeva and Wood, 2013; Mungall
and Brenan, 2014, Wood et al., 2014; Blanchard et al.,
2015; Steenstra et al., 2016c; Supplementary Table 1) in
parameterizations using Eq. (5) (Table 4). For some of
the elements (P, Co, Ni, Mn, V, Ga) the fO, term in Eq.
(5) was fixed as it has been shown that these valences are
dominant across the fO, range relevant for planetary differ-
entiation (Table 4; Appendix Section A.4). The fO, value of
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Mn, and V were performed including or excluding (the latter indicated with ) silicate melt compositional parameters. Regressions in bold were used for modeling core formation in the angrite

Parameterizations using new data from this study and compiled metal-silicate partitioning data (see main text). Only statistical valid (<0.05) variables were considered. Regressions for Co, Ni, Cr,
parent body. Uncertainty (1SE) on regression coeflicients is given in parentheses.

Table 4
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L | o fé § E E 8 § fé § Ixee g § each experiment in our database was calculated considering
the effects of solutes in the metal on y=, using the online
WS EEESR R TERR metal activity calculator (Wade and Wood, 2005). This
K|ecoscoessssSssssssss approach was also used to derive the metal C contents for
= C-saturated experiments from previous studies.
“ﬂééi s e The possibility of non-linear pressure dependencies on
[ —— S g ey = metal-silicate partitioning of siderophile elements is a topic
s = § § &€ & of heated debate (e.g., Kegler et al., 2008; Sanloup et al.,
e S = = 37 T 2011; Rai and van Westrenen, 2014; Steenstra et al.,
. 2017b). It has been found that significant structural transi-
;:gu tions in Fe-rich alloys occur at ~5.2 GPa (Sanloup et al.,
T a sgaaaa o ge 201 1). In past studies, some worke?s therefore parameter-
= § IFzsa g% ° E & ized loijressure (<5 QPa) and.hlgh pressure (>5 GPa?
5 < T n (T r‘w <|r 'T 4= °|' ¥ metal-silicate partitioning data independently (e.g., Rai
and van Westrenen, 2013, 2014). Although parameteriza-
2 tions based on low pressure data and those including both
%ﬂ coessa low and high pressure data yield comparable modeling out-
I agEgeszs=59e57q7 comes for Vesta, the Moon and Mars (Righter et al., 1997;
SIESERSCCS2ESEEET Rai and van Westrenen, 2013, 2014; Righter et al., 2015;
BF—==== LD T = Steenstra et al., 2016a,b), we only use <5 GPa data here
—~ & . - so that our results are independent of the outcome of this
52588 § = = g debate. Although the exact size of the APB is not well con-
Slgedece = ] I strained, it is unlikely that pressures at the core-mantle
s ¥ e = o “ boundary exceeded 5 GPa. For example, the corona and
= =c S e~ symplect.ite textgres observed %n angr.ite NWA 2999.are
NER ) 3 582 §§ not consistent with metamorphic reactions in a large sized
é g SEEE i E § E zTF S planetary body, but instead with cooling upon crystalliza-
S| %a g § § T N § g o tion of an angritic melt (Hutson et al., 2007). The early
o crystallization ages for angrites (~4.56 Ga) also argue for
N _ = 8 a small parent body, as accretion, differentiation and cool-
:i;;ﬁ %% z I * ing must then have occurred shortly (< several million
C|IE= & £ 9 years) after CAI formation (Schiller et al., 2010; Keil,
Sl b= v g 2012; Pringle et al., 2014).
~l& - _ ] © Regressions were performed with the SPSS 20 software
‘_gg %§ § 3 go:ggg, i package and only statistically significant solutions were
Sle ® g 2 & :2 = RS considered (p < 0.05). Individual uncertainties on D values
I PN [ + or uncertainties on other terms were not taken into
P - = account. Experiments in which the metal contained signifi-
§§ g R = ) E 2“ cant (>0.5 wt.%) amounts of Si were excluded, because Si is
TIa = 3|2 unlikely to be present in significant amounts in the APB
ald T S NSRS g core. This is suggested from the FeO content of angrites,
_ g) 5 which implies relatively oxidizing conditions during core
S § s = g o == E “é formation (e.g., Jurewicz et al., 1993; McKay et al., 1994;
P ] T £ =5 2 es S5 Righter, 2008; Shirai et al., 2009). We show in Appendix
N T =2 78 pER '§ g Section A.8 that the measured metal-silicate partition coef-
s ficients from this study and the literature match well with
i ) S - £ @2 % s those predicted by the paramc?terlzatlons listed in Table 4.
R 3 < v Sz 5 é Data from recently reported independent datasets (Putter
E o <\|1 T < —|~ —l r? =z et al., .2(.)17: Seegers et al., 2()1.7) are also reproduce@ well.
=8 In addition, the trends of D with silicate and metallic com-
_ oo ) é '03 position observed within the new dataset presented here
E moo o e T oohinin S 8 = g = also in general agree well. For example, the parameteriza-
2 :‘l gl ; gl g ;lt ZF‘ gl 2‘ lo\l [o\‘ % é‘) ; ; 5 2 tions listed in Table 4 predict a sharp decrease of the side-
= ? % rophile behavior of P, Mo, and W versus CaO of the silicate
Sccceas sacell &E’ melt, which is also clearly seen from our new data set only.
ERECESSssSegE2E £ 3 Similarly, the inferred valences of Mo (4+) and W (6+) are
= 5 § = § SSESEC ﬁ s 2 § i he well reproduced within the new parameterizations. The In
s|masses LT e E % (1 — x2) terms also agree well with the chalcophile or
e s % ' = chalcophobic depéndencies derived using the epsilon
OS2z EsssN 88 s approach (Appendix Section A.6, A.8; Table 4). However,
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it must be acknowledged that the majority of the parame-
ters considered here correlate significantly (Appendix Sec-
tion A.9). This could also explain some of the
contradictory silicate melt dependencies that were previ-
ously discussed.

As previously discussed in Section 4.1 above, it is still
unclear exactly how silicate melt composition affects D
(Co), similar to D(Ni) (O’Neill and Eggins, 2002). It is
therefore difficult to assess the reliability of these parame-
terizations. We do note that the parameterization for Co
is based on a wide range of metal-silicate partitioning data
and the D values seem to be predicted quite well (Appendix
Section A.8). However, it seems that at least for Ni and Co,
parameterization of existing data without separate silicate
melt compositional terms also results in relatively good fits.
Given the limited silicate melt dependencies on the metal-
silicate partition coefficients of Ni and Co, we use no silicate
melt compositional terms in the parameterizations of Ni
and Co. The final set of parameterizations used in our
application to core formation in the APB in marked in bold
in Table 4.

4.3. Bulk composition and core mass of the angrite parent
body

Jurewicz et al. (1993, 2004) suggested from partial melt-
ing experiments of Allende CV-chondrite type composi-
tions that the bulk compositions of angrites are most
compatible with a volatile depleted and relatively oxidized
CV bulk composition. Simple mass balance considerations
can then be used to infer the range of FeO and MgO con-
tents of the APB mantle, as well as the plausible range of
core masses that are compatible with a CV bulk composi-
tion (Appendix Section A.10, Fig. 6). The size and compo-
sition of the APB core will affect the FeO contents of the
APB mantle and determines the fO, (Appendix Sec-
tion A.10). Independent fO, estimates can therefore be used
to additionally constrain the APB core mass. Pyroxene
cores in Angra dos Reis (King et al., 2012) and olivine cores
in LEW 87,051 and Sahara 99,555 (Shearer et al., 2016)
suggest AIW = —0.7 £ 0.6, implying a mildly reduced
APB interior.

If the APB core is assumed to be made of 100 wt.% pure
Fe, no core is formed at conditions more oxidizing than
AIW ~ —1 (the FeO content of the APB mantle exceeds
the total available Fe for a CV bulk composition in that
case) (Fig. 6b). This is reduced to AIW ~ —0.6 for a 70
wt.% Fe core with 20 wt.% Ni and 10 wt.% S, which is a
reasonable upper limit given the Fe content of the lunar
core (Rai and van Westrenen, 2014; Steenstra et al.,
2016a, 2017a) and vestan core (Steenstra et al., 2016b). Car-
bon is also a likely constituent of the APB core as about
~0.6 wt.% C is expected for the bulk APB if a CV compo-
sition is considered (Newsom, 1995). Although S increases
the activity of Fe in the example above, C lowers the activ-
ity of Fe resulting in a higher fO, upper limit as defined by
Eq. (7) (see Appendix Section A.10). This is illustrated by
consideration of a hypothetical APB core that contains 20
wt.% Ni, 5 wt.% S and 5 wt.% C, which results in a fO,
of AIW < —-0.2 during differentiation of the APB

50

n
o

: ——100% Fe core

I ---80%Fe core
—--75%Fe core

[ eassee 70%Fe core

0 0.1 0.2 0.3 0.4
Core mass fraction of APB

(b) Angrites

fO, range

FeO, MgO APB mantle (wt%)

0.4

o
w
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o
N
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Fig. 6. Angrite parent body compositional calculations assuming a
CV bulk composition and non-ideal mixing behavior of Fe. (a) FeO
and MgO of the APB mantle for different core compositions as a
function of core mass fraction. (b) APB core mass fraction versus
O, (AIW) for different core compositions.

(Fig. 6b). Therefore, the overall fO, during core formation
in the APB is constrained to AIW < —0.2, depending on
core composition (Appendix Section A.10).

We use the APB mantle compositional estimates of
Shirai et al. (2009) and assume a CV bulk composition
(Appendix Section A.10; Table 5) to assess the siderophile
element depletions in the APB. We only consider the side-
rophile elements depletions of Co, Ni, Ga, Mo, and W, as
the APB mantle depletions of the other siderophile elements
considered in this study are not known. The metal-silicate
partition coefficients that are required to explain their
depletion in the APB mantle (D(c/m)) can be calculated
by using the following mass balance approach if a certain
core composition and mass is assumed (e.g., Rai and van
Westrenen, 2013, 2014; Steenstra et al., 2016a,b, 2017a):

Dﬁ(i):(ChAPB(x) ~XChsarr() ) / (Cosapng (1)) (7

where CbAPB(i) is the concentration by weight of element i
in the bulk APB assuming a CV bulk composition (taken
from Newsom, 1995), CbsAPB(i) is the estimated abun-
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Table 5

Concentrations of major and siderophile elements in the APB
(assuming a CV bulk composition). The major element composi-
tion of the APB mantle is a function of fO, during core formation
and varies for each modeling scenario (Appendix Section A.10).

Bulk APB*  Correlations”  Bulk silicate APB
MgO (wt.%)  25.7 var.
SiO, 35.7
Al,O3 35
CaO 2.5
FeO 32.3
Co (ppm) 655 Co/Fe 33-56
Ni 11,340 Ni/Mg 68-266
Ga 6 Ga/Al 0.08-0.14
Mo (ppb) 2100 Mo/Nd 15-42
w 190 W/La 11-13

2 Newsom (1995).
b Shirai et al. (2009).

dance of element i in the bulk silicate APB (Shirai et al.,
2009; Table 5) and x is the assumed mass fraction of the sil-
icate portion of the APB. We re-calculate the required
metal-silicate partition coefficients for each core composi-
tion (and therefore core mass) and fO, condition that we
model (Appendix Section A.10). Examples of calculated
D (¢/m) values for a pure Fe and a 75 wt.% Fe — 20 wt.%
Ni -5 wt.% C APB core are shown in Fig. 7. In our models
we further assume that the temperatures of metal-silicate
equilibration at a given pressure are considered to lie
between the APB mantle solidus and liquidus. The APB
mantle solidus was defined as T, (K):60*P (GPa)
+ 1423 and the APB mantle liquidus as Tjq (K) =50 *p
(GPa) + 1773 based on the Allende CV3 phase relation-
ships reported by Agee et al. (1995). Although these rela-
tionships are based on the composition of the APB prior
to core extraction during differentiation, it is unlikely that
consideration of higher liquidus temperatures due to lower

FeO contents of the APB mantle will change the outcome
of this study, as fO, is the most dominant variable in these
models (see Section 4.4).

We then use a Monte Carlo approach to assess at which
compositional and redox conditions the siderophile element
partition coefficients match their estimated depletions in the
APB mantle (e.g., Rai and van Westrenen, 2013, 2014;
Steenstra et al., 2016a,b, 2017a). We perform 10,000 itera-
tions where in each instance D is calculated using Eq. (5)
with each set of regression coefficients reported in Table 5.
Within the 10,000 iterations, the P-T-X conditions and 1SE
errors on the regression coefficients were randomly varied
within their defined ranges. If the calculated D is within
error of the required D, it is returned as a solution. These
solutions thus define a P-T-X-fO, solution space, where
the predicted metal-silicate partitioning behavior of the
siderophile elements considered matches their observed
abundances in the APB mantle.

4.4. Core formation in the angrite parent body

We first assess if the observed siderophile element deple-
tions in the APB mantle can be reconciled by equilibration
with a pure Fe core at low pressure (0.1 GPa), correspond-
ing to a core-mantle boundary depth of a body of the
approximate size of Vesta. Although a pure Fe core is not
realistic for planets, we use it to assess the effects of different
solutes in the core on the inferred redox state of APB core
formation. We observe that the APB mantle depletions of
W cannot be explained by metal-silicate equilibration with
a pure Fe core, independent of fO,, as W behaves insuffi-
ciently siderophile (Fig. 8a). At conditions more oxidizing
than AIW = —1.45, there are also no solutions for Ga. At
conditions more reducing than AIW = —1.55, there are no
more solutions for Co and the number of solutions for Ni
drastically decreases.

The addition of Ni greatly affects these models. An
increase of Ni in the APB core results in a decrease of the

AW = -1
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Fig. 7. Examples of D(c/m) values required to explain their depletions in the APB mantle at AIW = —1 for a 100 wt.% Fe and a 75 wt.% Fe —
20 wt.% Ni — 5 wt.% C APB core (Shirai et al., 2009). Error bars represent 1SE.
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Fig. 8. Solution space as a function of fO, at 0.1 GPa, T-jiq and assuming a CV bulk composition for (a) a pure Fe APB core, (b) an APB

core with 20 wt.% Ni, (c) an APB core with 20 wt.% Ni and 5 wt.%

S, (d) an APB core with 20 wt.% Ni and 5 wt.%

C, (e) an APB core with 20

wt.% Ni, 5 wt.% C and 5 wt.% S and (f) an APB core with 20 wt.% Ni and 10 wt.% S.

iron abundance in the core, which in turn results in a wider
range of fO, conditions under which an APB core could
have formed, based on bulk APB Fe considerations. Apply-
ing the latter fO, range of APB core to the APB mantle
depletions results in a solution space where the observed
APB mantle depletions of all 5 elements considered can
be simultaneously satisfied. For a 20 wt.% Ni-bearing Fe
core, the observed depletions of all 5 elements considered
here are confined to a fO, solution space of

AIW = —1.25 £ 0.30 at 0.1 GPa (Fig. 8b). The boundaries
of the solution space are determined by a lack of solutions
for W at more oxidizing conditions, and the absence of
solutions for Co and Ni at more reducing conditions
(Fig. 8b).

We explored the effect of the presence of S and/or C on
these results. Several examples for a Fe-rich APB core with
20 wt.% Ni and variable amounts of S and/or C are shown
in Fig. 8c—f. Again, the lower bound of the solution space is
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constrained by a lack of solutions for Ga and W, whereas
the upper bound is defined by the absence of solutions for
Ni and Co. We observe that addition of S and/or C to
the APB core does not significantly change the previously
derived fO, range of AIW = —1.25 4+ 0.30. For example,
an APB core with 20 wt.% Ni and 5 wt.% S is compatible
with the considered mantle depletions of 5 siderophile ele-
ments at AIW = —1.40 + 0.35, whereas the inferred fO,
range is slightly more reducing for an APB core with 20
wt.% Ni and 10 wt.% S (AIW = —1.45 £ 0.40). The addi-
tion of C to the APB core results in similar inferred fO, esti-
mates, but with a smaller range. An APB core with 20 wt.%
Ni and 5 wt.% C is consistent with the siderophile element
depletions at AIW = —1.20 £ 0.25. This is slightly more
reducing for an APB core with 20 wt.% Ni, 5 wt.% C and
5 wt.% S (AIW = —1.30 £ 0.25).

Overall, our results constrain the fO, to AIW = —1.40
4 0.45. This corresponds to an estimated APB core mass
of 18 & 11%. The lowest core masses are expected for a
FeNi core (14 + 7%). However, the APB core is likely com-
posed of significant amounts of S and/or C in addition to
Fe and Ni, given its inferred building blocks. Consideration
of a wider range of S and/or C contents in the APB core sig-
nificantly increases the latter estimates to 21 £ 8%. This
range is further constrained to 20 + 7 mass% if the fO,
ranges recorded by pyroxene and olivine cores in angrites
are considered (King et al., 2012; Shearer et al., 2016).
We note that the 8% core mass and corresponding fO,
range reported by Righter (2008) and Shirai et al. (2009)
are close or within the lower and higher bound of our esti-
mates, respectively. The slightly larger core mass derived
here (and lower corresponding fO,) are likely related to dif-
ferences in the parameterizations, as the experimental data-
base of metal-silicate partition coefficients used for our new
parameterizations is expected to be significantly larger than
used by Shirai et al. (2009).

For all scenarios, a FeNi core with or without light ele-
ments (S, C) results in a fO, range of the solution space
inferred for APB core formation that is in excellent agree-
ment with independent estimates of the redox state of the
APB interior. We note that a Ni-rich APB core is also
required from cosmochemical considerations that predict
the APB formed from Ni-rich materials (e.g., CV chon-
drites). Evolution from reducing conditions to the more
oxidizing conditions (AIW = +1) required for angrite for-
mation (e.g., Jurewicz et al., 1993; McKay et al., 1994)
may have resulted from the presence of a C-bearing gas
derived from graphite in the APB mantle, which became
oxidized during magmatism (Shirai et al., 2009). This idea
is supported by the presence of vesicles in some angrites
(McCoy et al., 2000).

The inferred fO, range for APB core formation is
slightly more oxidizing but similar to that derived for aster-
oid Vesta (AIW = —2.05 + 0.20; Steenstra et al., 2016b).
This is consistent with the hypothesis that the APB accreted
in a similar region as Vesta. This hypothesis is substantiated
by the similar spectral properties of angrites and some S
and/or A-type asteroids which reside mostly in the inner
asteroid belt (e.g., Burbine et al., 2001, 2006).

5. CONCLUSIONS

We present new experimental metal-silicate partitioning
data for P, S, V, Cr, Mn, Co, Ni, Ge, Mo, and W obtained
at pressures relevant for core formation in smaller-sized
planetary bodies, such as Vesta, the angrite parent body
(APB) and the Moon. We specifically explore the effect of
silicate melt composition on D. We show that the metal-
silicate partitioning of a wide range of siderophile elements
is affected by changes in silicate melt composition, including
Ni. We observe that the metal-silicate partitioning of P,
Mo, and W is most strongly affected by the CaO content
of the silicate melt, which agrees with previous work. The
MgO content of silicate melts seems to have a similar, albeit
smaller effect on their metal-silicate partition coefficients.
We conclude that constraining silicate melt compositional
dependencies of metal-silicate partition coefficients are in
general complex, especially for elements such as Ni and
Co for which the overall effect is small.

We combined our new experimental data with previous
work to assess the range of X-fO, conditions that may
have prevailed during metal-silicate segregation in the
APB. We observe that the siderophile element depletions
in angrites can be reconciled with a CV bulk composition
and core formation occurring under mildly reducing con-
ditions of AIW = —1.40 + 0.45. This is in excellent agree-
ment with independent fO, estimates based on pyroxene
and olivine cores in angrites. Corresponding core mass
is constrained to 18 + 11% in this analysis. These results
are independent of which parameterizations (including or
excluding melt compositional terms) are used for Co
and Ni.
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