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is observed but the slope is less negative if the element, like Zn,
is more lithophile than Fe. Similar behavior is exhibited by Ga,
V, and Ge. Ifthe element is more chalcophile than Fe (e.g., Co),
the slope is more negative than the “ideal” slope. Figure 1¢ shows
the expected partitioning behavior for elements that are much
more chalcophile than Fe and that exhibit downward curvature
on the plot of logD; vs. log[FeO]. The example shown is Cu, but
Ni and Ag behave similarly. Strongly lithophile elements should
show upward curvature on a plot of logD; vs. log[FeO] (Fig. 1d),
but since partitioning of lithophile elements into sulfide is not
generally regarded as important, this behavior has not previ-
ously been explored. One of our purposes here is to show that
some important lithophile elements do partition into sulfides in
the manner depicted in Figure 1d. A second purpose is to inves-
tigate partitioning of both chalcophile and lithophile elements
into sulfide at very low FeO content of the silicate. As will be
shown, the results are surprising and would have been very dif-
ficult to predict. We continue with a description of partitioning
experiments aimed at studying the lithophile elements Ti, Ce,
Nb, and Ta together with additional results on chalcophile Cu.

EXPERIMENTAL AND ANALYTICAL PROCEDURES

Experimental methods

Starting materials consisted of mixtures of ~50% FeS and ~50% synthetic
silicate, by weight. The silicate constituent was a composition close to the 1.5 GPa
eutectic composition in the system anorthite—diopside—forsterite (Ans,Di,sFo,,)
(Presnall et al. 1978) (Table 1). The end-members anorthite, diopside, and for-
sterite were pre-synthesized from mixtures of analytical-grade SiO,, Al,Os, and
MgO, combined with CaCO;. The oxide mixes were decarbonated at 950 °C for
2 h, pelletized, and fired twice for 5 h at 1150 °C with grinding and re-pelletizing
in between each firing. Iron oxide (as Fe(;0) was added after firing in some
experiments to increase FeO activity. In other cases FeSi, was added to consume
the oxide layer that forms on powdered FeS (in the bottle) and to drive the FeO
content of the silicate to as low a value as possible. Occasionally this leads to
precipitation of a second immiscible Fe-Si liquid in addition to the sulfide. For-
tunately in such cases the two liquids are physically separate from one another.
Small amounts of Ni (as NiS <1%) and/or Cu (as oxide) were sometimes added
to the sulfide starting mixture to provide a second internal standard for laser
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) analysis
of the metallic phase. Ti, Nb, and Ta were added as 1-2% oxides to the silicate
mix. Ce was present as a contaminant. The starting materials were ground under
acetone before being dried prior to the experiment.

Starting mixtures were loaded into 3 mm O.D., 1 mm L.D. graphite capsules
and experiments performed in an end-loaded piston-cylinder apparatus. The
experimental assembly consisted of a 12.7 mm O.D. calcium fluoride cylinder
with inner graphite heater of 8 mm O.D. and 6 mm [.D. At temperatures above
1450 °C the outer sleeve was replaced by an outer thin-walled barium carbonate
sleeve and inner silica glass sleeve. Internal (to the heater) spacers were of 6 mm
0.D. machineable MgO. The capsule was surrounded and separated from the
graphite furnace by a 6 mm O.D. ring of machineable MgO. The experimental
pressure was based on the calibration of McDade et al. (2002).

Temperature was controlled and measured using a C-type (WosRes—W,Re,q)
thermocouple separated from the capsule by a 0.5 mm alumina disk. Based on
our previous work (Kiseeva and Wood 2013) experiment durations of 30 min are
sufficient to approach equilibrium at 1400 °C. All experiments were therefore
performed for 30 min or longer. After quenching, products were mounted in
acrylic resin, individually sectioned and hand-polished using water-based lubri-
cants and diamond pastes. During the experiment the sulfide segregates into large
blobs, several hundred micrometers across, while the silicate glass also generally
exhibits large sulfide-free areas (Fig. 2). This good physical separation enables
analysis of both phases using the methods described below.

The experimental products were analyzed using a JEOL JXA8600 electron
microprobe at the Department of Archaeology at the University of Oxford. WDS
analyses were conducted using a 15 kV accelerating voltage and 20 to 100 nA
beam current with a defocused 10 pm spot to improve averaging of both silicate
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TABLE 1. Experimental conditions

Run no. Starting composition Duration (h) Trace elements T (°C)
390 CMAS+FeS 1 TR2 1400
395 CMAS+FeS 1 TR2 1400
1321 MORB+FeS+NiS(tr) 2 TR2 1400
1322 MORB+FeS+NiS(tr) 2 TR2 1400
1323 (MORB+30%Fe0)+FeS+NiS(tr) 2 TR2 1400
1324 (MORB+20%Fe0)+FeS+NiS(tr) 2 TR2 1400
1325 (MORB+40%Fe0)+FeS+NiS(tr) 2 TR2 1400
1412 CMAS+FeS+10%FeSi, 1 TR2 1420
1418 CMAS+FeS+3%FeSi, 0.5 TR 1460
1419 CMAS+FeS 0.5 TR 1460
1425 CMAS+FeS+4%NiS+15%FeSi, 0.5 TR 1460
KK38-1 CMAS+FeS+30%FeSi, 1.5 TR 1400

Notes: All experiments performed in graphite capsules. NiS(tr) = less than 0.5%
added in the bulk started mixture. MORB = taken from Falloon and Green (1987)
(column 2). CMAS = Fo,,DisAns,. TR contains Cu, In, Tl, Pb, Ag, Zn, Cr, V, Co, Sb,
and Cd as oxides with Cu,0 double that of other oxides. TR2 contains Nb and Ta.

FIGURE 2. Backscattered electron image of products of experiment
1323. Slight “speckling” of sulfide surface is due to polishing
imperfections.

and sulfide phases. At least 25 repeat analyses were collected for the silicate
and sulfide parts of each charge. Counting times were as follows: 30 s peak and
15 s background for major elements (e.g., Si, Al, Ca, Mg); 60-120 s peak and
30-60 s background for minor elements (Ti, Cu, Ni, Nb, Ta). The peak count
time for Fe was adjusted from 30-60 s on peak (half of this time on background)
depending on anticipated concentration. A range of synthetic and natural standards
was used for calibration. Standards for sulfide analysis were galena (S); Nb,
Ta, Ni, and Cu metals, rutile (Ti); and hematite (Fe, O). Standards for silicate
glass analysis were wollastonite (Ca, Si), periclase (Mg), rutile (Ti), albite (Na,
Al), fowlerite (Mn), orthoclase (K), and hematite (Fe). Natural almandine was
used as a secondary standard for the silicate phases. Oxygen in the sulfide was
determined using the Ka peak and a LDE pseudocrystal as described by Kiseeva
and Wood (2013). Results are given in Tables 2 and 3.

Trace-element concentrations of the coexisting silicate glasses and sulfides
were determined on experimental products using LA-ICP-MS. Measurements
were made using a Perkin Elmer Nexion quadrupole mass spectrometer coupled to
a New Wave Research UP213 Nd: YAG laser at the University of Oxford. Beam
diameters of 50 um were used for both silicate and sulfide phases. The following
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masses were counted: Mg, 7Al, Si, #Ca,*Ti, *’Fe, ®“Ni, ®*Cu, **Nb, *’Ce, '*'Ta
with yields calibrated on NIST 610 glass standard as the primary standard, NIST
612 glass and USGS glass standard BCR-2G being used as secondary standards to
monitor the accuracy of the calibration. The NIST 610 calibration was routinely
checked after every 8—12 unknowns and results corrected for calibration drift.
Internal standards for the silicate and sulfide glasses were principally the Si and
Fe contents, respectively, which had been measured by electron microprobe. The
LA-ICP-MS analyses (Table 4) involved determining background counts for the
first 20 s of each 60 s analysis and then collecting counts for each mass during
the 40 s period of ablation. Background counts were minimized by including
a 60-90 s “wash-out” between each collection. Raw counts were collected on
the ICP-MS in peak-hopping mode and displayed in time-resolved format. Data
reduction used the GLITTER software package (http://www.glitter-gemoc.com/).
This allowed each ablation to be monitored to identify heterogeneities such as
small sulfide inclusions in the silicate and compositional variations with depth.
Silicate analyses obviously contaminated by sulfide inclusions were rare and
were discarded.

Because the Fe content of NIST 610 is only 460 ppm and backgrounds
are high we required additional internal cross-checks for the sulfide analyses.
Therefore either Ti and/or Ni or Cu contents of the sulfides were measured by
both electron microprobe and LA-ICP-MS. As can be seen in Table 4 and in
agreement with the observations of Kiseeva and Wood (2013) the concordance
between microprobe and LA-ICP-MS results for these elements is generally
very good, which gives us confidence in the partition coefficients determined
by LA-ICP-MS (Table 5).

LITHOPHILE ELEMENT PARTITIONING INTO SULFIDE

Although lithophile elements are not conventionally con-
sidered of interest in sulfide behavior, Figure 1d suggests that,
at high and low FeO contents of the silicate melt, there should
be significant partitioning of many lithophile elements into the
sulfide phase. Figure 3 shows partitioning results for Ce, Ti,
Nb, and Ta at 1.5 GPa and temperatures of 1400—1460 °C. As
can be seen, all three elements show the predicted behavior
for lithophile elements sketched in Figure 1d, which suggests
a U-shaped dependence of logD,, on log[FeO]. These elements
follow oxygen and partition more strongly into sulfide as FeO
contents of sulfide and silicate increase. At low FeO contents,
the low activity of FeO in the silicate forces Dji'"! to increase

TABLE 2. Major element compositions of the silicate glass (wt%)
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TABLE 3. Major element compositions of the sulfide (wt%)

Exp.no. n o) S Fe Ni Cu Ti Totals
390 41 1.14 36.89 62.88 b.d.l. b.d.l. n.m. 100.91
[¢) 0.30 0.38 0.40 - - n.m.

395 33 1.23 35.93 6229 bd.l 0.14 n.m. 99.60
o 0.24 0.50 0.62 - 0.06 n.m.

1321 15 1.49 36.44 62.65 n.m. n.m. 0.0077 100.59
o 0.58 0.85 0.84 n.m. n.m. 0.0044
1322 42 3.08 33.61 64.37 n.m. n.m. 0.0135 101.08
o 0.36 0.48 0.60 n.m. n.m. 0.0050
1323 44 555 30.60 65.04 n.m. n.m. 0.0254 101.22
o 0.41 0.51 0.55 n.m. n.m. 0.0063
1324 38 4.03 3245 64.67 n.m. n.m. 0.0225 101.18
o 0.75 0.93 0.58 n.m. n.m. 0.0066
1325 63 7.19 28.62 64.86 b.d.l. n.m. 0.0434 100.71
o 0.41 0.53 0.41 - n.m. 0.0072
1412 15 081 30.99 6396 0.39 0.11 0.3013 96.56
o 0.27 0.80 0.98 0.05 0.04 0.0564
1418 15 1.03 36.13 59.27 n.m. 0.28 n.m. 96.71
o 0.30 0.37 043 n.m. 0.04 n.m.

1419 15 1.00 35.83 60.33 n.m. 0.16 n.m. 97.32
o 0.26 0.49 0.51 n.m. 0.02 n.m.

1425 63 1.21 30.55 67.09 0.03 n.m. n.m. 98.88
o 0.38 2.66 244 0.02 n.m. n.m.

KK38-1 28 0.17 32,57 60.78 1.58 0.86 n.m. 95.97
o 0.33 1.47 1.69 0.52 0.17 n.m.

Notes: Besides listed results, sulfides contain trace elements Cu, Pb, Zn, Cd, Ga,
Ge, Ag, Sb, Mn, Co, In, Tl, Crin the following total amounts: 1412 (0.92 wt%), 1418
(1.3 wt%), 1419 (0.8 wt%), 1425 (2.05 wt%), KK38-1 (4.6 wt%).

in the manner predicted from Equation 7 with a negative slope
of 0.5 times the valency. In principle, then, the concave-upward
behavior implies that lithophile elements such as these may
partition strongly into sulfide and become “chalcophile” under
conditions of either very low or very high FeO content. We
discuss this is more detail below.

The dependence of D! for these lithophile elements on
the oxygen content of sulfide may be parameterized using the
e-model of non-ideal interactions in metallic liquids (Ma 2001;
Wagner 1962). For the case of highly dilute trace element M
this model yields, for MS,, dissolved in, as shown by Kiseeva
and Wood (2013), an approximately ideal FeS-FeO matrix:

Exp. no. n SiO, TiO, Al,O; FeO MnO MgO Ca0 Na,O K,O Nb,Os Ta,05 S Totals

390 29 42.74 0.88 16.54 4.07 b.d.l. 15.94 16.08 b.d.l. b.d.l. 0.92 1.02 0.59 98.77
o 0.79 0.03 0.32 0.13 - 0.23 0.29 - - 0.06 0.09 0.06

395 34 4217 0.90 15.94 4.38 b.d.l. 15.82 16.24 b.d.l. b.d.l. 0.91 1.03 0.55 97.95
o 0.28 0.02 0.18 0.11 - 0.13 0.10 - - 0.07 0.07 0.04

1321 29 48.30 1.76 14.81 6.81 0.13 10.09 12.09 1.85 0.15 225 0.88 047 99.58
o 0.67 0.05 0.36 0.12 0.01 0.31 0.30 0.04 0.01 0.02 0.03 0.12

1322 22 42.91 1.55 13.49 14.75 0.14 9.43 10.58 1.86 0.14 1.94 1.03 0.82 98.63
o 0.12 0.03 0.11 0.14 0.02 0.06 0.05 0.04 0.01 0.01 0.01 0.05

1323 17 37.90 1.38 11.77 24.32 0.14 8.11 9.43 1.64 0.13 1.55 0.73 1.39 98.49
o 0.30 0.03 0.16 0.21 0.02 0.25 0.11 0.03 0.01 0.03 0.02 0.09

1324 16 40.63 1.49 12.72 19.20 0.15 8.70 10.09 1.70 0.14 1.77 0.89 1.03 98.50
o 0.88 0.04 0.27 0.48 0.02 0.23 0.27 0.05 0.01 0.01 0.01 0.06

1325 20 35.19 1.24 11.15 28.62 0.13 8.21 8.65 1.40 0.13 1.50 0.76 1.87 98.84
o 0.13 0.02 0.08 0.23 0.02 0.10 0.07 0.02 0.01 0.03 0.01 0.19

1412 55 53.87 b.d.l. 10.22 0.28 n.m. 12.98 19.71 b.d.l. n.m. n.m. n.m. 4.07 101.13
o 0.19 - 0.05 0.04 n.m. 0.07 0.10 - n.m. n.m. n.m. 0.07

1418 19 46.10 n.m. 10.20 3.79 n.m. 17.44 18.58 n.m. n.m. n.m. n.m. 0.34 96.45
o 0.47 n.m. 0.30 0.07 n.m. 0.21 0.10 n.m. n.m. n.m. n.m. 0.02

1419 26 47.55 n.m. 10.76 3.30 n.m. 17.44 19.77 n.m. n.m. n.m. n.m. 0.34 99.16
o 0.28 n.m. 0.12 0.06 n.m. 0.08 0.11 n.m. n.m. n.m. n.m. 0.02

1425 18 51.78 n.m. 8.88 0.42 n.m. 18.41 15.45 n.m. n.m. n.m. n.m. 6.86 101.80
o 0.81 n.m. 0.31 0.07 n.m. 0.17 0.12 n.m. n.m. n.m. n.m. 0.06

KK38-1 43 51.72 n.m. 13.82 0.54 n.m. 13.51 12.67 n.m. n.m. n.m. n.m. 1091 103.18
o 0.62 n.m. 0.23 0.03 n.m. 0.21 0.17 n.m. n.m. n.m. n.m. 0.12

Notes: The high totals accompanying high S contents are due to calculation of all cations as oxides. b.d.I = below detection limit. n.m = not measured. Values for
Ta and Nb for experiments 1321, 1322, 1323, 1324, and 1325 were obtained by LA-ICP-MS.
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TABLE4. Trace element compositions of silicate and sulfide liquids

(ppm)
Silicates Sulfides
Exp.no. n Ti Ce Nb Ta Cu n Ti Ce Nb Ta Cu
390 9 4825 2.7 6111 7428 22 8 42 bdl 54 6.1 582
o 55 01 139 104 03 o 4 - 5 15 20
395 9 7268 4.0 8787 11578 3.5 10 45 bdl 52 11 585
o 81 01 208 18 18 o 6 - 8 4 8
1321 5 10295204 15704 7182 - 2 77 075 95 66 -
c 31 1 125 210 - o 8 008 15 07 -
1322 5 9248 181 13592 8405 - 5 129 092 140 24 -
c 48 2 4 5 - o 11 006 6 2 -
1323 5 7373 14410842 5946 - 5 226 14 272 56 -
o 131 2 236 162 - o 10 03 28 6 -
1324 5 8286 158 12393 7273 - 5 182 1.0 200 37 -
o 44 1 73 % - o 1 0.1 9 3 -
1325 5 7138 138 10483 6230 - 6 341 1.7 371 94 -
o 75 1 179 112 - o 8 0.1 14 3 -
1412 9 522 44 8 419 - 9 3266 2.6 4679 3872 -
o 23 0.1 2 22 - o 434 02 618 659 -
1418 7 197 75 42 6 32 017 2982
c 6 01 05 o 10 0.08 88
1419 7 186 7.6 27 5 36 013 1885
c 15 0.1 04 o 14 002 66
1425 15 16 45 56 11 144 24 4743
o 4 02 3 o 63 02 287
KK38-1 13 b.dl 1.7 174 3 182 34 10058
o - 01 3 o 21 0.7 1315

TABLE 5. Partition coefficients between sulfide and silicate liquids

Exp. no. Ti Ce Nb Ta Cu
390 0.0087 0.0149 0.0089 0.0008 268
c 0.0008 0.0012 0.0009 0.0002 35
395 0.0062 0.0128 0.0059 0.0010 169
o 0.0009 0.0052 0.0009 0.0004 87
1321 0.0075 0.0037 0.0061 0.0009 -
c 0.0007 0.0004 0.0010 0.0001 -
1322 0.014 0.0051 0.010 0.0028 -
o 0.001 0.0003 0.000 0.0003 -
1323 0.031 0.0095 0.025 0.0094 -
o 0.001 0.0019 0.003 0.0010 -
1324 0.022 0.0065 0.016 0.0051 -
c 0.001 0.0005 0.001 0.0004 -
1325 0.048 0.012 0.035 0.015 -
o 0.001 0.001 0.001 0.001 -
1412 6.3 0.58 604 9.3 -
o 0.9 0.04 155 1.6 -
1418 0.0164 0.023 - - 706
c 0.0049 0.010 - - 92
1419 0.0196 0.017 - - 690
c 0.0078 0.003 - - 104
1425 8.8 0.53 - - 84
o 4.6 0.05 - - 7
KK38-1 - 2.0 - - 58
o - 0.4 = . 8

logyns,, = logylis,, — enesur log(1 — x4 (11)
In Equation 11 yys,, is the activity coefficient of MS,, in the
sulfide, yis,, is the activity coefficient of MS,,, component at
infinite dilution in FeS and &/*Quy is the e-parameter describing
interactions between MS,, and FeO dissolved in the sulfide.
Adding activity coefficients for MS,, components to Equation

7 gives us a predicted form of D" of (Kiseeva and Wood 2015):

(12)

In Equation 12, A’ is a constant incorporating end-member
properties, [FeO] is, as before the FeO content of the silicate
melt and 7 is the valency of element M.

We assumed valencies of +5 for Nb and Ta, +4 for Ti, and +3

FeO

log Dﬁlm =A'- glog[FeO] + gffsonz‘" log(l —xour )
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FIGURE 3. Measured partitioning of Ce, Ti, Nb, and Ta between
sulfide and silicate at 1.5 GPa and 1400-1460 °C from this study and
Kiseeva and Wood (2013, 2015). Curved lines correspond to fits to
Equation 12 with assumed oxidation states of +3 for Ce (a), +4 for Ti
(b), and +5 for Nb and Ta (¢).
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FIGURE 4. (a) Partitioning of Cu, D&!"*! and S concentration at sulfide saturation as functions of the FeO content of the silicate melt. Note that
increasing S in the silicate leads to decreasing Dgis! at low FeO contents of the silicate. (b) Partitioning of Sm Dgis! from Wohlers and Wood (2015)
plotted in the same manner. The dashed line corresponds to a fit to Equation 12 assuming that Sm has +3 valency. Note the strong deviations from

expected behavior at low FeO and high S concentrations in silicate melt.

for Ce to construct fits to the sulfide-silicate partitioning data for
these lithophile elements. As can be seen in Figure 3, despite the
strongly non-linear behavior, Equation 12 fits the partitioning
results extremely well with the addition of the single e-parameter
describing the effects of adding FeO to the sulfide.

At low FeO content the partition coefficient is predicted to
converge to the “ideal” slope and this prediction is met reason-
ably well for Ti**, Ce*', and Ta>" (Fig. 3). Note, however, that
the likely change of oxidation state of Ti to Ti*" at low FeO
content (Mallmann and O’Neill 2009) will tend to “flatten” the
slope of logDy; vs. log[FeO] and hence cause underestimates
of Dy; at low [FeO]. A similar phenomenon is observed for
Nb because Dy, increases much more steeply than that of the
“ideal” slope for Nb*" as log[FeO] is decreased below 0 (Fig.
3c). These observations lead us to consider whether there are
additional effects, which apply at very low FeO content of the
silicate melt.

Low FEO ACTIVITY AND ITS EFFECTS ON SULFUR
AND TRACE ELEMENT PARTITIONING

In a study of metal-silicate partitioning of trace elements
at very low oxygen fugacity it was observed that, at very low
FeO contents of the silicate melt, the sulfur partitioning into the
silicate increases dramatically (Kilburn and Wood 1997). This
observation is consistent with replacement of O (formally O*)
in the silicate melt by S*~ in accordance with the equilibrium
(O’Neill and Mavrogenes 2002):

FeS + O* = FeO + S$* (13)
sulfide melt melt melt
a,.a..
K, == (14)
aozf'aFeS

From the equilibrium constant K5 it can readily be seen
that, at sulfide saturation (ags = 1), lowering the activity of
FeO must raise the activity of S*~ in the silicate melt and hence
the solubility of sulfur in the melt. We tested this hypothesis by
adding FeSi, to our starting mixes to drive the FeO contents of
the silicate to very low values.

Figure 4a shows the results of our measurements of S solu-
bility at sulfide saturation as a function of FeO content of the
silicate melt. As can be seen (Fig. 4, Table 2) sulfur concentra-
tions in the silicate reach 10.9 wt% as the FeO content declines
well below 1 wt%. In such cases the S/(O+S) ratio of the silicate
is around 0.1-0.15, which suggests that the sulfur concentration
in the silicate may be an important factor in partitioning. It is
logical to think that, as the S content of the silicate increases
at sulfide saturation the partitioning of chalcophile elements
into the sulfide will become less strong as they become more
compatible in the S-rich silicate. Similarly, strongly lithophile
elements might be expected to be “repelled” by high S contents
of the silicate and to partition more strongly than anticipated
into coexisting sulfide.

Figure 4a shows partition coefficient D! data from
this and earlier studies (Kiseeva and Wood 2013, 2015) at
1400-1460 °C and 1.5 GPa. It can clearly be seen that D,
decreases dramatically, as expected, as the sulfur content of the
silicate melt increases in the region of low FeO concentration.
Figure 4b shows results for D! at 1.5 GPa and 1400—-1500
°C (Wohlers and Wood 2015). As suggested above, the pro-
nounced increase in the solubility of sulfur in the silicate as
FeO decreases below 1 wt% is accompanied by a dramatic
increase in DI The effects of increasing S solubility in the
silicate are, therefore, the surprising but intuitively reasonable
ones of decreasing the partitioning of chalcophile elements and
increasing the partitioning of lithophile elements into sulfide
relative to silicate.



‘WOOD AND KISEEVA: LITHOPHILE ELEMENTS IN SULFIDE

X-ray spectrometry. Science, 333, 1847-1850.

O’Neill, H.St.C. (1991) The origin of the Moon and the early history of the
Earth—A chemical model 2. The Earth. Geochimica et Cosmochimica
Acta, 55, 1159-1172.

O’Neill, H.St.C., and Mavrogenes, J.A. (2002) The sulfide capacity and the
sulfur content at sulfide saturation of silicate melts at 1400°C and 1 bar.
Journal of Petrology, 43, 1049-1087.

Presnall, D.C., Dixon, S.A., Dixon, J.R., O’Donnell, T.H., Brenner, N.L.,
Schrock, R.L., and Dycus, D.W. (1978) Liquidus phase relations on the
join diopside-forsterite-anorthite from latm to 20kbar: Their bearing on the
generatin and crystallization of basaltic magma. Contributions to Mineralogy
and Petrology, 66, 203-220.

Rubie, D.C., Frost, D.J., Mann, U., Asahara, Y., Nimmo, F., Tsuno, K., Kegler,
P., Holzheid, A., and Palme, H. (2011) Heterogeneous accretion, composition
and core-mantle differentiation of the Earth. Earth and Planetary Science
Letters, 301, 31-42.

Wade, J., and Wood, B.J. (2005) Core formation and the oxidation state of the

2379

Earth. Earth and Planetary Science Letters, 236, 78-95.

Wade, J., Wood, B.J., and Tuff, J. (2012) Metal-silicate partitioning of Mo and
W at high pressures and temperatures: Evidence for late accretion of sulphur
to the Earth. Geochimica et Cosmochimica Acta, 85, 58-74.

Wagner, C. (1962) Thermodynamics of Alloys. Addison-Wesley, Reading,
Massachusetts.

Wohlers, A., and Wood, B.J. (2015) A Mercury-like component of early Earth
yields uranium in the core and high mantle Nd-142. Nature, 520, 337-340.

Wood, B.J., and Halliday, A.N. (2005) Cooling of the earth and core formation
after the giant impact. Nature, 437, 1345-1348.

MANUSCRIPT RECEIVED MARCH 20, 2015
MANUSCRIPT ACCEPTED JUNE 1, 2015
MANUSCRIPT HANDLED BY DAVID LONDON



