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Abstract

Here we present the first set of metal-silicate partitioning data for Cs, which we use to examine whether the primitive man-
tle depletion of Cs can be attributed to core segregation. Our experiments independently varied pressure from 5 to 15 GPa,
temperature from 1900 to 2400 �C, metallic sulfur content from pure Fe to pure FeS, silicate melt polymerization, expressed as
a ratio of non-bridging oxygens to tetrahedrally coordinated cations (nbo/t) from 1.26 to 3.1, and fO2 from two to four log
units below the iron–wüstite buffer. The most important controls on the partitioning behavior of alkalis were the metallic sul-
fur content, expressed as XS, and the nbo/t of the silicate liquid. Normalization of XS to 0.5 yielded the following expressions
for D-values as a function of nbo/t: log DNa = �2.0 + 0.44 · (nbo/t), logDK = �2.4 + 0.67 · (nbo/t), and
logDCs = �3.2 + 1.17 · (nbo/t). Normalization of nbo/t to 2.7 resulted in the following equations for D-values as a function
of S content: logDNa = �4.1 + 6.4 · XS, logDK = �7.7 + 13.9 · XS, and logDCs = �12.1 + 23.3 · XS.

There appears to be a negative pressure effect up to 15 GPa, but it should be noted that this trend was not present before
normalization, and is based on only two measurements. There is a positive trend in cesium’s metal-silicate partition coefficient
with increasing temperature. DCs exhibits the largest change and increased by a factor of three over 500 �C. The effect of oxy-
gen fugacity has not been precisely determined but in general, lowering fO2 by two log units resulted in a rise in all D-values of
approximately an order of magnitude. In general, the sensitivity of partition coefficients to changing parameters increased
with atomic number.

The highest D-value for Cs observed in this study is 0.345, which was obtained at nbo/t of 2.7 and a metal phase of pure
FeS. This metallic composition has far more S than has been suggested for any credible core-forming metal. We therefore
conclude that the depletion of Cs in Earth’s mantle is either caused by radically different behavior of Cs at pressures higher
than 15 GPa or is not related to core formation. Even so, we have shown that a planet with a sufficient S inventory may incor-
porate significant amounts of alkali elements into its core.
� 2007 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The difficulty in explaining the elemental abundance pat-
tern of the mantle has led some scientists to conclude that
the Earth accreted heterogeneously, and without melting,
from a combination of previously differentiated materials
(e.g., Wänke, 1981). This approach is somewhat unsatisfy-
ing, because any new revelations regarding mantle or core

composition can be explained by slightly altering the com-
position or order of the heterogeneous components. Fortu-
nately, recent advances in high-pressure experimental
petrology, such as multi-anvil (e.g., Agee et al., 1995) and
diamond-anvil experiments (e.g., Bouhifd and Jephcoat,
2003), have allowed us to develop viable homogeneous
accretion models (e.g., Li and Agee, 1996; Righter et al.,
1997) as alternatives to heterogeneous scenarios.

If the Earth experienced a widespread melting event
after accretion, the stage would have been set for equilib-
rium differentiation of the core. Under those conditions, it
may be possible to constrain equilibrium conditions of core
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segregation by relating an element’s estimated abundance in
the primitive mantle (i.e., prior to crust extraction) to its
presumed abundance in the bulk Earth. The difference be-
tween those abundances could be attributed to the parti-
tioning of the element into a descending metal phase with
the same major element composition as the core (McDon-
ough, 2004). A given element will partition into the metal
phase to a degree determined by its metal-silicate partition
coefficient, which, for an element i, is given by
Di ¼ Cmetal

i =Csilicate
i , where Ci is the concentration of i in

the given phase and Di is the partition coefficient of i be-
tween metal and silicate. Thus, if the homogeneous-accre-
tion/equilibrium differentiation model is correct, we
should be able to explain the inferred observed mantle ele-
mental abundances by calculating an appropriate Di for
each element. A coherent set of conditions that generate
the correct D-values for all elements would constrain the
parameters of the magma ocean from which the core segre-
gated (Righter, 2003).

Because there are several parameters that may influence
the partitioning of a given element, including pressure, tem-
perature, metal and silicate composition, and oxygen fugac-
ity, there is a large body of work in print that studies some
combination of these parameters (e.g., Jones and Walker,
1991; Li and Agee, 1996; Gessmann and Rubie, 1998; Jae-
ger and Drake, 2000; Bouhifd and Jephcoat, 2003). Many
use the planetary volatility trend (Fig. 1) as a starting point
for abundances, which describes the abundance of an ele-
ment relative to CI chondrites and refractory elements
based on its solar nebula condensation temperature
(McDonough and Sun, 1995; Palme and O’Neill, 2004).
Most of these studies emphasized the effect of one or two
parameters that affect the element in question. In spite of
the fact that most of these studies have determined strong
correlations between partitioning behavior and the param-
eters studied, no consistent set of conditions for a magma
ocean has evolved (Chabot et al., 2005; Wade and Wood,
2005). That may be in part because the partitioning exper-
iments designed to address this question so far have focused
on siderophile elements, which by definition preferentially
partition into the metal phase and were likely removed
from the mantle during core formation, and therefore do
not lie on the volatility trend. D-values for these elements
are always >1, and for the Highly Siderophile Elements
(HSEs), can be on the order of 106–1012. Most importantly,
because these elements are always siderophile, there may be
a broad range of conditions under which they would be de-
pleted to the degree necessary to explain their deviation
from expected mantle abundance.

This study attempts to determine whether and to what
degree Cs, a lithophile element that does not fall on the vol-
atility trend, may become siderophile under conditions
applicable to core formation. Normally, a lithophile ele-
ment would not be useful for understanding conditions of
core formation, but it may be possible to account for the
depletion of Cs via a very specific set of conditions during
core formation under which Cs became siderophile. Some
partition experiments have been done on the alkali elements
under high-pressure conditions, usually in relation to the
possibility of incorporating K into the core as a heat source

(e.g., Gessmann and Wood, 2002; Murthy et al., 2003) but
no data at all are available on the metal-silicate partitioning
behavior of Cs. We have used high-pressure and high-tem-
perature experiments to determine whether Cs becomes sid-
erophile under realistic core-formation conditions. In the
following sections, we present our procedures, results, and
analysis of the partitioning behavior of Cs.

2. EXPERIMENTAL PROCEDURES

2.1. Starting materials

The silicate portions of most starting compositions for
this study were prepared from a mixture of oxide powders.
These mixtures approximated a primitive mantle composi-
tion with respect to major element ratios (Al, Fe, Mg,
and Ca) with the exception of SiO2, which was varied to ad-
just the basicity of the silicate melt. Because there are few
stable compounds of Cs, the base mixture was doped with
pollucite, a Cs2Al2Si4O12Æ2H2O zeolite mineral, which was
kindly provided by the American Museum of Natural His-
tory. In addition, carbonates of Na and K were added to
the mixture in order to allow comparison to other partition-
ing experiments. All alkalis were doped to approximately
3% by weight to avoid possible Henry’s Law violations.
Each mixture was loaded into a Pt crucible, dehydrated
and decarbonated at 1000 �C for one hour in a gas-mixing
Deltech furnace at 1 bar. During dehydration/decarbon-
ation, the H2/CO2 mix was held at approximately the
iron–wüstite (IW) oxygen buffer to prevent excessive oxida-
tion of the starting material.

The metallic portion of the starting composition was a
combination of iron powder, iron sulfide, sulfur, and iron
silicide, depending on the desired S content and oxygen
fugacity of the experiment. Metals were added to the decar-
bonated silicate to approximately 30% of the final weight.
This relatively large amount of metal ensured that final
run products would have metal blobs large enough to easily
identify and analyze without silicate contamination. Nickel
was not added to any of the starting compositions because
the absence of 10 wt% nickel is not likely to significantly af-
fect the measured partition coefficients (Righter and Drake,
2000).

Runs A275 and A276 were part of an exploratory set of
experiments and were pure pollucite mixed with FeS. These
compositions, along with those described previously, are
listed in Table 1.

2.2. Run conditions

Sample starting materials were loaded into graphite cap-
sules and encased in Ceramacast� 584 octahedra. Runs
were generally not conducted in MgO or alumina capsules
because they reacted with the sample and altered the chem-
istry of the final run product to an unpredictable degree.
Metallic capsules were not used because they alloyed with
the molten Fe in the charge, melted, and destroyed the hea-
ter. The octahedra were fitted with a cylindrical Re heater
and a W3Re/W25Re thermocouple. Following assembly,
the octahedra were mounted onto tungsten carbide cubes,
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with truncated edge lengths (TEL) of 8 mm for experiments
<10 GPa and 6 mm for experiments up to 15 GPa. The
appropriate pressure was applied by a Walker-style multi-
anvil press, located at the University of New Mexico’s
High-Pressure Experimental Petrology laboratory, cali-
brated by performing transformations of quartz to coesite
(�3 GPa), coesite to stishovite (�9.5 GPa), and olivine to
spinel (�14 GPa). A complete treatment of the Walker mul-
ti-anvil method is presented by Agee et al. (1995).

Experiments were generally held at target conditions for
2 min, which has been shown by time-series experiments to
be more than adequate to attain equilibrium in completely
molten charges at high temperature and pressure (e.g.,
Gessmann and Rubie, 1998). Some experiments ended be-
fore the planned stop time due to the consumption and
destruction of the Re heater. In these cases, equilibrium
was verified by the absence of chemical zoning in either
the metallic or silicate portions of the quenched run prod-
uct. Quenching was normally obtained by cutting power
to the heater, and the initial quench rate obtained was
approximately 500 �C/s. No charges exhibited any sign of
equilibrium crystal growth, although many did show either
a mottled or a spinifex silicate texture, which evolved dur-
ing the quenching process.

After removal from the multi-anvil assembly, the run
products were extracted and mounted in epoxy. Alkali ele-

ments in a sulfide phase are known to be soluble in water
(Chabot and Drake, 1999), so all contact with liquids was
avoided. Initial grinding was done on a dry diamond disc
until the sample was exposed. The samples were not re-
impregnated with epoxy to fill the decompression cracks
to avoid possible leaching of alkalis from the metal phase.
Polishing was done on a series of carbide sheets without lu-
bricant, then finished to a 1 micron polish on lapping pa-
pers, following the technique of Murthy et al. (2003). The
high-pressure run products were polished to 6 microns
exclusively on diamond discs because the capsules, which
turned to diamond above 6 GPa, could not be ground or
polished with carbide sheets or lapping papers. Between
grades of polishing, the decompression cracks were cleared
of debris with an air duster. The lack of water in the process
forced polishing to be performed with as few strokes as pos-
sible to avoid pieces of the sample breaking off and gouging
the face of the sample as they were excavated. Typically,
samples had large scratches across the finished surface,
but this was not found to interfere with analysis, as long
as there were sufficient areas of fine polish. Due to the ex-
tremely high reactivity of alkali metals with water, care
was taken not to leave the samples exposed to air. All sam-
ples were polished as soon as practical before analysis, car-
bon coated immediately, and stored in an evacuated
desiccation chamber until analysis. Failure to follow this

Fig. 1. Inferred abundances of (a) lithophile and (b) siderophile elements in the primitive mantle (i.e., prior to crust extraction) relative to CI
chondrites and refractory elements (Palme and O’Neill, 2004; originally from McDonough and Sun, 1995). The difference between
observation (black circles) and the expected abundance from the volatility trend (shaded gray) is attributed to core subtraction.
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practice rendered several charges useless due to reaction of
the alkali metals with moisture in the air and eventual rust-
ing of the metal phase.

2.3. Analytical technique

All run products were analyzed on a JEOL 8200 electron
microprobe operating at a 15 kV accelerating potential and
using a 20 nA beam current. Commercially available
Cs2MoO4 was analyzed by XRD to verify its purity and
compressed into a small disc. This disc was used as a stan-
dard, with elemental abundances assigned based on stoichi-
ometry, to analyze a piece of natural pollucite. Because the
pollucite crystal was more durable than the compressed
powder disc, the results of this analysis were entered as a
reference composition and the pollucite crystal was used
as the Cs standard for all further analyses. Tests for possi-
ble Cs volatility in the pollucite under the electron beam
were performed under a variety conditions (15 kV, 20 nA,
0, 10 and 20 micron spot size, 15 kV, 10 nA, 0, 10, and 20
micron spot size) for 120 s counting times. Under all condi-
tions counts/second remained remarkably stable indicating
that Cs-loss is not an issue for these analyses.

A series of analyses was done to examine the effect of
sample heating on retention of alkalis in the sample, with

the results presented in Section 3.1. Major and minor ele-
ments were counted for 20–30 s, and the trace elements of
interest (Cs, K, and Na) were counted for 40 s. L-alpha
X-ray lines were used for Cs, and K-alpha for Na and K.
The alkali elements were always counted first on their as-
signed spectrometer to avoid heat-related loss.

Except for the least mafic compositions, the silicate
exhibited a heterogeneous quench texture, with alkali-rich
and -poor zones up to 10 m wide. In addition, the metal
phase was commonly heterogeneous, especially in the
experiments combining iron silicide with FeS, which create
immiscible liquids at our run conditions. The textures in the
run products required the use of a defocused beam of 20 lm
to obtain representative averaged compositions of each
phase.

Carbon content of the metal phase was not explicitly
measured. In general, the totals for analyses of the metal
phase were �95%. As with other experiments in graphite
capsules (e.g., Chabot and Agee, 2003), some C was ex-
pected to dissolve into the metal phase during the run.
However, experiments run in MgO or alumina capsules also
had low metallic totals, therefore the deviation from 100%
is more likely attributed to the rough surface of the metal
phase. Oxygen was explicitly measured in the metal, using
hematite as a standard, and was generally less than 2%.

Table 1
Experimental run conditions and alkali partition coefficients

Run # P (GPa) T (K) Silicate Metal nbo/t DIW XS DCs DK DNa

A275 3.5 2148 Pollucite FeS 0.04 �2.6 0.51 0.018 (0.004) n.m. n.m.
A275 3.5 2148 Pollucite FeS 0.04 �2.6 0.52 0.016 (0.001) 0.084 (0.015) 0.041 (0.017)
A276 3.5 2148 Pollucite FeS 0.04 �2.7 0.51 0.019 (0.002) n.m. n.m.
A276 3.5 2148 Pollucite FeS 0.09 �2.7 0.53 0.015 (0.004) n.m. n.m.
A332 5 2373 v1.1 FeS 1.26 �1.9 0.51 0.033 (0.007) 0.038 (0.006) 0.024 (0.004)
A351 5 2373 v1.8 FeS 1.93 �1.8 0.49 0.055 (0.013) 0.070 (0.034) 0.069 (0.043)
A325 5 2373 v2.5 FeS 2.30 �2.2 0.48 0.109 (0.028) 0.067 (0.015) 0.059 (0.013)
A333 5 2373 v2.7 FeS 2.74 �2.2 0.45 0.345 (0.135) 0.119 (0.056) 0.175 (0.058)
A326 5 2373 v3.0 FeS 3.08 �2.3 0.46 0.201 (0.089) 0.141 (0.031) 0.095 (0.041)
A340 5 2373 v3.0 FeS 2.99 �2.3 0.47 0.180 (0.054) 0.074 (0.026) 0.043 (0.020)
A336a,b,c 5 2373 v2.7 Fe 2.94 �2.4 0.00 0.008 (0.005) 0.001 (0.004) 0.000 (0.001)
A339c 5 2373 v2.7 Fe, FeS 2.97 �2.1 0.21 0.011 (0.007) 0.012 (0.015) 0.005 (0.005)
A354c 5 2373 v2.7 Fe, FeS 3.78 �1.9 0.34 0.010 (0.003) 0.004 (0.005) 0.008 (0.004)
A355a,b 5 2373 v2.7 Fe, FeS 3.26 �1.9 0.33 0.009 (0.008) 0.012 (0.011) 0.009 (0.009)
A338 5 2373 v2.7 Fe, FeS 3.10 �1.9 0.41 0.028 (0.008) 0.066 (0.029) 0.037 (0.014)
A346 5 2173 v2.5 FeS 2.49 �2.1 0.48 0.100 (0.032) 0.060 (0.012) 0.062 (0.022)
A342 5 2373 v2.5 FeS 2.43 �2.2 0.47 0.112 (0.025) 0.083 (0.020) 0.098 (0.024)
A343 5 2673 v2.5 FeS 2.18 �2.2 0.48 0.137 (0.023) 0.064 (0.011) 0.081 (0.021)
A344 5 2673 v2.5 FeS 2.25 �2.1 0.47 0.127 (0.012) 0.084 (0.010) 0.079 (0.014)
A360a,b,c 5 2373 v2.5 FeS, FeSi, S 2.42 �4.6 0.23 0.009 (0.008) 0.016 (0.019) 0.005 (0.005)
A357 5 2373 v2.5 FeS, FeSi, S 2.72 �4.2 0.34 0.014 (0.009) 0.007 (0.008) 0.004 (0.003)
A356 5 2373 v2.5 FeS, FeSi, S 2.63 �4.0 0.40 0.057 (0.045) 0.601 (0.399) 0.089 (0.052)
A363c 5 2373 v2.5 FeS, FeSi, S 1.96 �4.2 0.43 0.030 (0.011) 0.039 (0.062) 0.048 (0.058)
A372 5 2673 v2.7 FeS 1.82 �2.2 0.44 0.215 (0.061) 0.232 (0.141) 0.218 (0.147)
A369 15 2673 v2.7 FeS 2.64 �2.4 0.46 0.224 (0.204) 0.245 (0.300) 0.177 (0.161)

Errors in parentheses are ±1r.
n.m = not measured.
With the exception of runs A275 and A276, all silicate compositions are mixtures of simple oxides. The number preceded by the letter ‘‘v’’ is
the intended nbo/t of the silicate.

a Cs analyses below detection limits.
b K analyses below detection limits.
c Na analyses below detection limits.
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The oxygen did not exsolve into oxygen-rich blobs within
the metal phase, as has complicated analysis in other stud-
ies (e.g., Chabot and Agee, 2003). Aluminum and calcium
were analyzed in the metal phase as a check for silicate
contamination.

2.4. Calculation of run parameters

Oxygen fugacity (fO2) was calculated relative to the IW
buffer (DIW) by the relation DIW = 2log (aFe/aFeO), where
aFe and aFeO are the activities of Fe in the metal phase and
that of FeO in the silicate. The activity coefficients for both
Fe and FeO were assumed to be unity, so the reported oxy-
gen fugacities are based on mole fractions of Fe and FeO
(XFe and XFeO, respectively) in their host phase. This
approximation is probably least accurate for the metal
phase, where XFe is as low as 0.5, but even an activity coef-
ficient of 0.5 changes the estimate of oxygen fugacity by
only 0.6 log units. This is acceptable for this study, because
the goal is not to parameterize the effect of oxygen fugacity
on partitioning, but to sense the effect of relative change.
For simplicity we selected an activity coefficient of 1 for
the silicate phase.

The degree of polymerization in the silicate melt was ex-
pressed using the parameter nbo/t, which describes the ratio
of non-bridging oxygens (nbo) present in a melt to the num-
ber of tetrahedrally coordinated cations (t) (Mysen and Vir-
go, 1980). Following the general guidance of Mysen (1983),
the ratio was calculated as nbo/t = Znbo/Zt, where Znbo and
Zt are the molar concentrations of non-bridging oxygens
and tetrahedrally coordinated cations, respectively. Fur-
ther, Znbo = 2*[XFe + XMg + XCa] + [XNa + XK + XCs �
XAl] and Zt = XSi + XAl. This calculation is simplified by
the absence of most minor elements, the low concentrations
of Al, and the assumed absence of Fe3+ due to the low oxy-
gen fugacity. Completely polymerized melts, such as molten
feldspar, would have nbo/t = 0, and completely depolymer-
ized melts, such as molten olivine, would have nbo/t = 4.

Errors in the reported D-value are calculated using the

following formula: rD ¼ D
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðrA

A Þ
2 þ ðrB

B Þ
2

q
where D is the

nominal D-value, A and B are the wt% in each phase,
and rA and rB are the standard deviations of measurements
in each phase. Even using a defocused beam, the standard
deviation in the analyses is rather large due to the range
of alkali concentrations within a given phase, so errors in
D-values are reported to ±1r. The D-values reported in Ta-
ble 1 reflect the average of at least seven analyses of each
phase in the run product. Using this averaging method,
analysis of identical samples at different times yielded con-
centrations and totals within the 1r error (see Fig. 2).

3. RESULTS

3.1. Volatility measurements

We first demonstrated that the volatilization of Cs was
not a confounding factor in our experiments. A pair of
experiments was conducted to investigate the possible loss
of Cs during the run, which has been reported for K (Mur-

thy et al., 2003). Identical compositions were run under
identical conditions, with one sample in an unsealed graph-
ite capsule (A275) and the other in a Pt-sealed graphite cap-
sule (A276). There was no significant difference between the
runs, as measured by DCs and the absolute amount of Cs
retained in either phase of both charges. The data from
each of those runs are listed in Tables 2 and 3.

To investigate the possibility of Cs mobilization and loss
under the heat of the electron beam, we took two ap-
proaches. The first was to measure the number of counts
per second (cps) at different counting times on pristine areas
of sample. Peak intensities were always measured before
background, and count times ranged from 10 to 60 s. Mea-
sured cps did not significantly vary in this series of analyses
in either phase (Fig. 3a). Because alkali concentration in the
metal commonly varies by 10% relative, the minor devia-
tions in metal cps at 40 and 60 s can be attributed to the
heterogeneity of the phase.

The second method was to immediately repeat an anal-
ysis multiple times at a stationary point on the sample. In
this case, the cps are fairly constant in both phases over five
analyses using a 20 lm beam for 40 s on peak and 20 s on
background (Fig. 3b). This method heated the analysis
point for a total of about six minutes, and the fact that
cps were unchanging over this period means that the metal
cps variation of Fig. 3a was definitely not due to sample
heating. In fact, sample heating was an issue only when
the beam diameter was reduced to the minimum possible
(1 lm nominal) on the silicate phase. Under those condi-
tions, there was significant loss of Cs in each successive
analysis. This loss was not observed with a small-diameter
beam in the metal phase, and is not plotted in Fig. 3b.
We therefore conclude that the use of a broad beam to
average out sample heterogeneities in our analyses mini-
mized Cs loss due to heating.

Fig. 2. Back-scattered electron image of run #A363 showing the
heterogeneous texture of the metal phase. The dark portions were
dominantly FeS, and the light portions had slightly less S. Alkali
metal concentrations, though variable, were not correlated with the
differences in local S content. This run had a fairly homogeneous
silicate phase, with small (<5 lm) metal blebs spaced throughout.
The dispersed metal blebs were small and widely spaced enough
allowed for silicate analysis without significant contamination by
metal.
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3.2. Pressure

The pressure range of our experiments extended from 5
to 15 GPa. The observed D-values for all alkali elements re-
mained virtually unchanged across this pressure range. As
shown in Fig. 4, the calculated errors for the 15 GPa data
are extremely large. Analysis of this run product was com-
plicated by the difficulty in dry-polishing, as the graphite
capsule had converted to diamond. The sample was exca-
vated to below the level of the diamond capsule and could
not be well polished. Although the metal phase analyses
were similar to those in other run products, the totals for
the silicate phase were much lower, near 85%. This is most
likely due to the rough surface (Fig. 5).

3.3. Temperature

A set of experiments was conducted at 5 GPa, 35 wt% S
in the metal, and nbo/t of approximately 2.2. The temper-
ature range of this set extended from 1900 to 2400 �C,
which was as large as possible to maintain a completely
molten sample and not exceed the maximum temperature
allowed by our temperature controller. The temperature
range could have been extended by approximately 100 �C
by lowering the operating pressure, but it was found that
experiments were much less stable at very high tempera-
tures below 5 GPa. Although all partition coefficients for
a given element were within error of one another, the abso-
lute value of DCs did rise from 0.100 at 1900 �C to 0.137 at
2400 �C (Fig. 6). DNa and DK did not exhibit the apparent
trend of DCs.

3.4. Silicate composition

A series of experiments designed to examine the effect of
melt polymerization was conducted at 5 GPa, 2100 �C, and
35 wt% S in the metal. The nbo/t of the silicate melts varied
from 1.2 to 2.9, and the rise in DCs was closely correlated
with the rise in nbo/t. The minimum DCs of 0.03 was found
at nbo/t = 1.2, and the maximum of 0.345 was found at
nbo/t = 2.67. DNa and DK exhibited the same general
behavior, but with weaker correlations than DCs. In addi-
tion, the D-values for Na and K were less sensitive to
changes in nbo/t than for Cs. In almost all cases, DCs was
greater than both DNa and DK. In general, dependence on
degree of melt polymerization provides the most reliable
and well-defined trend for the partitioning of all three
alkalis.

3.5. Metallic composition

At otherwise constant composition and run conditions,
the S content of the starting material was varied from 0%
(pure Fe) to 36% (pure FeS). Partition coefficients for all al-
kali elements were very strongly dependent on the S content
of the metal, remaining at or below detection limits at S
contents below 25%. For example, of all individual point
analyses on compositions with <25% S, over 60% were be-
low detection limits for Cs, with the proportion dramati-
cally higher for the lowest S contents. The dashed lines in
Fig. 8 represent the highest D-value calculated for which
four or more of the individual points were below detection
limits. D-values at or below this line are judged to be

Table 2
Metallic liquid compositions

Run# Si Fe S Cs K Na O Total

A275 0.01 (0.01) 59.92 (0.36) 36.74 (0.66) 0.46 (0.10) n.m. n.m. n.m. 97.13
A275 0.01 (0.01) 59.05 (0.60) 37.16 (0.41) 0.40 (0.04) 0.04 (0.01) 0.05 (0.02) n.m. 96.71
A276 0.02 (0.02) 58.75 (0.36) 36.38 (0.67) 0.48 (0.05) n.m. n.m. n.m. 95.62
A276 0.06 (0.11) 58.7 (1.5) 38.9 (1.1) 0.39 (0.10) n.m. n.m. n.m. 98.14
A332 0.09 (0.06) 56.72 (0.47) 36.88 (0.44) 0.09 (0.02) 0.07 (0.01) 0.11 (0.02) 0.98 (0.15) 94.94
A351 0.03 (0.02) 59.46 (0.56) 35.96 (0.71) 0.17 (0.03) 0.19 (0.11) 0.24 (0.11) 1.34 (0.41) 97.39
A325 0.01 (0.00) 60.98 (0.34) 34.80 (0.25) 0.28 (0.04) 0.20 (0.03) 0.22 (0.05) 1.00 (0.20) 97.48
A333 0.10 (0.05) 58.6 (1.3) 33.23 (0.57) 1.05 (0.40) 0.42 (0.14) 0.48 (0.22) 2.71 (0.93) 96.56
A326 0.01 (0.01) 61.26 (0.55) 33.63 (0.27) 0.32 (0.12) 0.24 (0.09) 0.50 (0.08) 1.75 (0.21) 97.71
A340 0.02 (0.03) 60.45 (0.70) 34.04 (0.21) 0.25 (0.04) 0.08 (0.04) 0.16 (0.04) 1.29 (0.20) 96.29
A336 0.01 (0.01) 91.97 (0.45) 0.02 (0.00) 0.02 (0.01) 0.00 (0.00) 0.00 (0.01) 0.14 (0.02) 92.17
A339 0.01 (0.01) 81.4 (7.7) 12.5 (9.2) 0.04 (0.02) 0.01 (0.01) 0.04 (0.05) 0.29 (0.15) 94.30
A354 0.01 (0.01) 71.65 (0.97) 21.5 (1.0) 0.03 (0.01) 0.02 (0.01) 0.02 (0.02) 0.51 (0.08) 93.78
A355 0.00 (0.00) 74.5 (1.2) 22.2(1.2) 0.03 (0.03) 0.02 (0.02) 0.05 (0.04) 1.5(1.0) 98.31
A338 0.01 (0.01) 65.5 (1.7) 28.6 (1.6) 0.08 (0.02) 0.09 (0.03) 0.21 (0.09) 1.74 (0.33) 96.17
A346 0.02 (0.01) 61.64 (0.42) 35.04 (0.39) 0.28 (0.07) 0.20 (0.06) 0.15 (0.03) 1.28 (0.21) 98.62
A342 0.07 (0.05) 60.78 (0.85) 34.93 (0.47) 0.28 (0.04) 0.30 (0.05) 0.26 (0.06) 1.86 (0.35) 98.47
A343 0.01 (0.01) 61.65 (0.38) 35.40 (0.18) 0.35 (0.05) 0.25 (0.06) 0.20 (0.03) 1.30 (0.14) 99.16
A344 0.05 (0.02) 60.95 (0.78) 34.67 (0.30) 0.35 (0.03) 0.25 (0.04) 0.26 (0.03) 1.65 (0.10) 98.17
A360 8.1 (7.1) 74.0 (9.2) 15.4 (14.8) 0.02 (0.01) 0.01 (0.01) 0.04 (0.04) 0.25 (0.28) 97.78
A357 0.95 (0.35) 71.9 (2.7) 22.0 (2.8) 0.04 (0.02) 0.01 (0.01) 0.02 (0.02) 0.20 (0.07) 95.07
A356 0.13 (0.13) 61.7 (1.1) 28.8 (1.2) 0.10 (0.08) 0.15 (0.07) 1.13 (0.64) 2.3 (1.0) 94.38
A363 0.01 (0.01) 69.7 (1.2) 30.8 (1.3) 0.08 (0.03) 0.15 (0.18) 0.12 (0.18) 0.52 (0.69) 101.32
A372 0.02 (0.01) 60.52 (0.97) 34.48 (0.66) 0.57 (0.16) 0.47 (0.31) 0.66 (0.40) 3.6 (1.4) 100.31
A369 0.09 (0.06) 63.41 (0.79) 33.9 (1.6) 0.09 (0.07) 0.06 (0.05) 0.10 (0.11) 1.45 (0.88) 99.09

n.m., not measured.
Analyses are reported in wt%. Errors in parentheses are ±1r.
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Table 3
Silicate liquid compositions

Run # Si Al Fe Mg Ca S Cs K Na O Total

A275 22.6 (0.06) 8.04 (0.04) 1.5 (0.06) 0.02 (0.01) 0.04 (0.01) 0.25 (0.02) 26.73 (0.03) 0.45 (0.01) 1.21 (0.01) 35.1 95.9
A275 22.7 (0.10) 8.73 (0.04) 1.48 (0.04) 0.03 (0.01) n.m 0.26 (0.02) 26.21 (0.03) 0.47 (0.01) 1.21 (0.01) 35.7 96.8
A276 22.5 (0.08) 8.04 (0.04) 1.3 (0.09) 0.03 (0.01) 0.05 (0.01) 0.23 (0.02) 26.36 (0.06) 0.47 (0.00) 1.22 (0.01) 37.6 97.8
A276 22.8 (0.09) 9.15 (0.02) 1.35 (0.04) 0.04 (0.01) 0.04 (0.02) 0.23 (0.02) 26.02 (0.03) 0.48 (0.01) 1.20 (0.01) 36.8 98.1
A332 26.7 (0.12) 2.24 (0.02) 4.8 (0.15) 10.9 (0.19) 1.09 (0.03) 0.47 (0.10) 2.91 (0.06) 2.83 (0.06) 2.85 (0.02) 43.9 98.7
A351 20.2 (0.37) 2.33 (0.02) 5.0 (0.37) 13.3 (0.57) 1.2 (0.07) 0.67 (0.20) 3.32 (0.23) 2.76 (0.19) 3.42 (0.15) 38.6 90.8
A325 20.5 (0.42) 2.53 (0.06) 3.8 (0.15) 18.1 (0.50) 1.7 (0.25) 0.29 (0.09) 2.73 (0.28) 3.31 (0.25) 3.23 (0.09) 41.6 97.8
A333 18.2 (0.28) 2.82 (0.06) 3.4 (0.31) 19.8 (0.28) 1.9 (0.20) 0.57 (0.16) 3.18 (0.15) 2.43 (0.10) 4.06 (0.09) 41.0 97.4
A326 18.2 (0.46) 2.18 (0.09) 3.7 (0.27) 22.2 (0.71) 1.8 (0.38) 0.54 (0.11) 1.64 (0.20) 2.50 (0.29) 3.55 (0.27) 41.8 98.1
A340 18.2 (0.45) 2.75 (0.24) 3.7 (0.25) 23.0 (1.29) 1.9 (0.46) 0.72 (0.13) 1.47 (0.19) 1.97 (0.22) 2.14 (0.23) 42.4 98.3
A336 17.9 (0.14) 2.73 (0.07) 6.1 (0.17) 20.8 (0.68) 1.9 (0.17) 0.01 (0.00) 3.26 (0.11) 2.74 (0.09) 3.40 (0.11) 41.0 99.8
A339 17.6 (0.13) 2.86 (0.08) 6.9 (0.19) 20.3 (0.70) 1.9 (0.12) 0.33 (0.03) 3.73 (0.12) 2.61 (0.09) 3.28 (0.12) 41.1 100.5
A354 13.3 (0.18) 2.81 (0.10) 7.0 (0.37) 19.9 (1.41) 1.7 (0.14) 0.39 (0.04) 3.13 (0.16) 2.63 (0.15) 4.37 (0.48) 36.3 91.5
A355 15.6 (0.27) 2.80 (0.04) 7.0 (0.22) 19.7 (0.72) 1.7 (0.13) 0.35 (0.02) 3.50 (0.06) 2.64 (0.12) 3.88 (0.29) 38.6 95.9
A338 17.5 (0.09) 2.60 (0.05) 6.4 (0.21) 21.1 (0.40) 1.7 (0.09) 0.53 (0.10) 3.03 (0.08) 2.53 (0.06) 3.22 (0.07) 41.3 100.1
A346 19.9 (0.64) 2.33 (0.12) 4.0 (0.15) 19.3 (0.47) 1.5 (0.36) 0.46 (0.07) 2.95 (0.27) 3.15 (0.33) 2.57 (0.05) 41.7 98.0
A342 20.3 (0.41) 2.68 (0.08) 3.9 (0.22) 19.5 (0.50) 1.7 (0.25) 0.40 (0.12) 2.61 (0.21) 3.03 (0.24) 3.09 (0.07) 42.6 99.8
A343 19.8 (0.20) 3.87 (0.04) 3.9 (0.23) 18.0 (0.37) 1.7 (0.12) 0.50 (0.11) 2.70 (0.10) 3.11 (0.11) 3.09 (0.07) 42.3 98.9
A344 19.9 (0.16) 3.29 (0.07) 4.1 (0.34) 17.9 (0.21) 1.7 (0.07) 0.54 (0.18) 2.86 (0.07) 3.22 (0.07) 3.06 (0.07) 42.0 98.6
A360 22.5 (0.31) 2.41 (0.01) 0.3 (0.08) 17.0 (0.07) 1.5 (0.06) 6.27 (0.07) 2.04 (0.01) 2.13 (0.01) 2.28 (0.01) 50.4 106.8
A357 18.0 (0.12) 2.58 (0.02) 0.5 (0.06) 17.2 (0.05) 1.6 (0.05) 4.15 (0.04) 2.68 (0.02) 2.78 (0.02) 2.65 (0.02) 42.8 94.9
A356 18.4 (0.11) 3.72 (0.21) 0.5 (0.11) 16.8 (0.09) 1.5 (0.08) 6.24 (0.18) 1.89 (0.03) 1.86 (0.02) 2.09 (0.02) 46.6 99.6
A363 23.9 (0.08) 2.64 (0.02) 0.5 (0.10) 17.9 (0.13) 1.7 (0.04) 1.67 (0.11) 2.73 (0.02) 3.05 (0.01) 2.96 (0.01) 46.5 103.5
A372 17.1 (0.17) 8.08 (0.06) 3.4 (0.10) 18.3 (0.69) 1.7 (0.14) 0.35 (0.03) 2.77 (0.08) 2.16 (0.07) 2.86 (0.12) 42.5 99.3
A369 18.0 (1.33) 3.11 (0.80) 3.1 (1.34) 23.1 (3.89) 0.8 (0.50) 0.27 (0.36) 0.43 (0.11) 0.35 (0.07) 0.41 (0.13) 40.3 89.9

n.m., not measured.
Analyses are reported in wt%. Errors in parentheses are ±1r.
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unreliable, and are reported without error bars. The DK in
Fig. 8b for the pure Fe composition is approximately 10�4

and is not plotted. For compositions above 25 wt% S in the
metal, the correlations of D-values for all elements with ris-
ing S content are very strong. Similar to the elemental trend
in nbo/t, the sensitivity of an element’s partitioning behav-
ior appears to be more pronounced for the larger elements.

3.6. Oxygen fugacity

The addition of iron silicide to the starting composition
reduced the oxygen fugacity of the run product by approx-
imately two log units. The reduction in overall oxygen
fugacity was accomplished by the consumption of oxygen
by the reaction Si + O2 fi SiO2, where the oxygen was ob-
tained largely at the expense of FeO in the silicate. To main-
tain the S inventory in the metal phase, elemental S was also
added to the starting composition. Some of that S was not
dissolved into the metal phase, and the concentration of
S in the silicate phase reached as high as 6 wt% (see

Fig. 3. Variation in counts per second for (a) different counting times and (b) repeated analyses. Analyses in (a) were conducted on separate
points, and those in (b) were conducted without changing position. Because Cs was not mobilized by continuous heating on a single spot (b,
circles), the deviation from nominal cps in (a) can be attributed to sample heterogeneity. Significant Cs loss was only observed in the silicate
phase when using the smallest possible beam (dark triangles).

Fig. 4. Variation in metal-silicate partition coefficients with pressure for (a) Cs, (b) K, and (c) Na. Errors are much larger for the 15 GPa run
due to the difficulty of dry-polishing the diamond capsule.

Fig. 5. Secondary electron image of run #A369, which was
conducted at 15 GPa. The sample (center) is flat at the top but
has a large piece of diamond capsule embedded. It has also been
filled in by a contaminant during polishing, most likely pieces of the
diamond grinding pad. The bottom of the sample was extremely
rough and made identification of individual phases difficult.
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Table 3). Similar high S contents in silicate liquid have also
been documented by McCoy et al. (1999) in experiments
with low fO2. Furthermore, the metallic S concentration
was somewhat variable in the metal phase, and because S
content strongly affects alkali partitioning (see Section
3.5), Fig. 9 displays D-values for each element relative to
metallic S content for both reduction conditions.

As with the S-varying experiments, the reduction in S
content below 25 wt% yielded D-values that were typically
unreliable. Those D-values from analyses below detection
limits are displayed without error bars. In the experiments
yielding reliable analyses, DCs and DK were somewhat high-

er at fO2 of approximately DIW = �4.0 than for the less re-
duced case of DIW = �2.0, but the difference in D-values
was usually less than half of an order of magnitude. This
result is more significant with the understanding that the
addition of SiO2 from the oxidation of metallic Si tended
to reduce the nbo/t of the silicate melt. As we discovered,
lowering nbo/t depresses D-values (Fig. 7), so the fact that
DCs and DK were higher in the reduced, low nbo/t case
lends weight to the effect of reduction on Cs and K parti-
tioning. The effect of varying nbo/t is parameterized in Sec-
tion 4.1 and applied to the oxygen fugacity data, with the
resulting D-values displayed in Fig. 14.

Fig. 6. Variation in metal-silicate partition coefficient with temperature for (a) Cs, (b) K, and (c) Na. High temperature tended to raise the
partition coefficient for Cs, but all analyses were within error of each other. Trends are not significant for K and Na, but all D-values reported
for K and Na were lower than those for Cs.

Fig. 7. Variation in metal-silicate partition coefficient with melt polymerization for (a) Cs, (b) K, and (c) Na. D-values for the alkalis rose with
rising nbo/t in a fairly regular manner. The correlation of Cs measurements was significantly better than for the other alkalis, even though all
were doped to the same starting concentration. It appears that Cs partitioning is the most sensitive to changes in melt polymerization, and that
the degree of sensitivity is related to the size of the alkali elements. All experiments of this series were above detection limits.
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4. DISCUSSION

4.1. Parameterization of variables

The correlation of D-values with nbo/t (Fig. 7) is com-
plicated by the effect of small variations in metallic S con-
tent between the individual runs. As we have shown, very
small changes in S yield dramatic differences in partition
coefficients (Fig. 8); however, the run products from S-vary-
ing experiments also had slightly different nbo/t, so a care-
ful deconvolution of these two variables was warranted.
This was accomplished by first conducting a linear regres-

sion of the nbo/t data, and applying the slope of that trend
to normalize the S-varying measurements to the same
nbo/t. We then regressed the S data, and applied that slope
to normalize all the nbo/t-related D-values to the same S
content. Normalization of nbo/t data changed the regres-
sion slope, which then had to be reapplied to the S data.
This iterative process continued until the regression coeffi-
cients stabilized. We consider this method of separating
the effects of the two parameters to be robust because the
regression coefficients stabilized to the same value whether
they started too high or too low. All data from the results
in Section 3 have been normalized using these regressions,

Fig. 8. Variation in metal-silicate partition coefficient with S content for (a) Cs, (b) K, and (c) Na. The majority of experiments below about
25 wt% S in the metal phase yielded analyses that were below detection limits for each element. Above 25 wt%, D-values rise markedly, with
the larger alkali elements tending to be more sensitive than the smaller ones. Error bars are ±1r, and error bars from analyses below detection
limits are not shown. The Fe–FeS eutectic composition (Fei et al., 1997) is indicated at 1 bar and 10 GPa.

Fig. 9. Variation in metal-silicate partition coefficient with changing oxygen fugacity for (a) Cs, (b) K, and (c) Na. D-values are plotted
against final metallic S content for comparison between oxidized and reduced conditions. The redox reaction between FeO and Si drove Si and
S into the silicate, lowering both the final S content in the metal and the nbo/t of the silicate melt. Though nbo/t was generally lower for the
IW-4.0 condition, D-values were slightly higher for most elements.
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and the adjusted figures are presented in Figs. 10–14. We
have adopted the notation D* for the parameterized partition
coefficient. For each variable in the sections below, the data
were normalized to an nbo/t or XS value close to the average
of all data within that set to avoid distortion introduced by
regression to much different conditions. Note that the numer-
ical values used to generate these figures are not reported be-
cause they were never actually observed during our analyses
and are a product of our numerical regression.

4.1.1. Pressure

Normalization of the pressure-varying data to XS of 0.45
and nbo/t of 2.6 reveals an apparent negative pressure effect
(Fig. 10). This negative trend may be an artifact of the nor-

malization process, since the values of nbo/t were so much
different between the two charges. Normalization across
nearly the entire range of nbo/t is less reliable than for small
differences; nevertheless, we conclude that there is a weak
negative pressure effect between 5 and 15 GPa for all the
alkalis studied here.

4.1.2. Temperature

The temperature-varying experiments were normalized
to XS of 0.475 and nbo/t of 2.5, with the results displayed
in Fig. 11. The weak positive temperature effect suspected
in Section 3.3 is magnified after normalization, and is visi-
ble for all the alkali elements. The partition coefficients are
not as sensitive to temperature as they are to nbo/t or S

Fig. 10. Variation in metal-silicate partition coefficient with pressure for (a) Cs, (b) K, and (c) Na, with all data normalized to XS of 0.45 and
nbo/t of 2.6. The apparent negative trend with pressure may be an artifact of the normalization process, since the nbo/t values were
significantly different between the two charges.

Fig. 11. Variation in metal-silicate partition coefficient with temperature for (a) Cs, (b) K, and (c) Na, with all data normalized to XS of 0.475
and nbo/t of 2.5. Normalization magnifies the weak positive temperature effect on D-values.
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content, but do change by up to a factor of three across the
temperature range we investigated. The range in D-values
was greatest for Cs, and least for Na.

4.1.3. Silicate composition

Normalization of data from nbo/t-varying experiments
to XS of 0.5 did not change the relative positions of data
points in Fig. 12. The main difference between Fig. 12
and the uncorrected data in Fig. 7 is the scale on the y-axis
and the slope of the trendline. The regressions yield the fol-
lowing expressions for D-values as a function of melt poly-
merization at XS = 0.5:

log DCs ¼ �3:2þ 1:17� ðnbo=tÞ
log DK ¼ �2:4þ 0:67� ðnbo=tÞ
log DNa ¼ �2:0þ 0:44� ðnbo=tÞ

4.1.4. Metallic composition

The data from S-varying experiments were normalized
to nbo/t of 2.7, and the results are plotted in Fig. 13. As
with the adjustment of silicate composition, the results
are quite similar to the uncorrected data (Fig. 8). Because
only two of the compositions analyzed were above detec-
tion limits, it must be understood that the following regres-
sion expressions are subject to significant variation based
on small deviations in either point.

log DCs ¼ �12:1þ 23:3� X S

log DK ¼ �7:7þ 13:9� X S

log DNa ¼ �4:1þ 6:4� X S

4.1.5. Oxygen fugacity

The ambiguity of the effect of oxygen fugacity on alkali
partitioning is resolved upon normalization of nbo/t to 2.7.

Fig. 12. Variation in metal-silicate partition coefficient with melt polymerization for (a) Cs, (b) K, and (c) Na, with all data normalized to XS

of 0.5. The major difference between this figure and Fig. 7 is the larger scale on the y-axis. The difference in the slope of trendlines is also
magnified.

Fig. 13. Variation in metal-silicate partition coefficient with metallic S content for (a) Cs, (b) K, and (c) Na, with all data normalized to nbo/t
of 2.7. Normalization yielded a slightly higher slope of the trendline, and retained the positions of individual data points relative to each other.
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In all cases, the more reduced charge had a higher partition
coefficient for each element than the less reduced run prod-
uct. In general, a reduction in oxygen fugacity by two log
units yielded a rise in D-value by an order of magnitude.
The data imply that for a rise in oxygen fugacity above
DIW = �2.0, the D-values would be even lower than those
shown in Fig. 14.

4.2. Partitioning behavior

The most well-defined trend in the partitioning of Cs
is the clear dependence on silicate melt composition. As
the melt becomes depolymerized, it appears that Cs be-
comes less compatible in the silicate phase. One possi-
ble explanation for this trend with respect to nbo/t
relates to the structure of the silicate melt. In general,
the structure of molten silicate is that of a linked net-
work of SiO4 tetrahedra interrupted by the presence of
monovalent or divalent cations, which create non-bridg-
ing oxygens (Mysen, 1983). Silicate melts with a high
nbo/t are less rigidly structured than are those with
low nbo/t, thus are more tightly packed and less likely
to incorporate large cations like Cs (Watson, 1976).
Therefore, if there are available sites elsewhere (i.e., in
the metallic liquid), Cs is more likely to be ejected
from a high nbo/t silicate melt than from one with
low nbo/t.

The other obvious prerequisite to partitioning of Cs into
metal is the presence of about 25 wt% S in the metal phase.
The central question regarding this effect concerns what
makes the alkali elements chalcophile. Although the expla-
nation for this effect is not as straightforward as that of the
nbo/t effect, the analogous question relates to the behavior
of siderophile elements, which are more siderophile at low
oxygen fugacity. (e.g., Righter, 2003) As with other chalco-
phile elements, it is clear in this case that sulfur fugacity is
the driving force behind an alkali’s affinity for the metal
phase.

4.3. Comparison of Cs, K, and Na

For a given change in nbo/t, the range in DCs is more
pronounced than for DK, and the change in DK is greater
than for DNa (Fig. 7). Though this effect is most visible in
the change in D-value with nbo/t, it can also be identified
in the S-varying experiments (Fig. 8). It appears that the
sensitivity of a partition coefficient to changes in run condi-
tions is positively correlated with cation size. Although it is
important to remember that the error bars displayed in
Figs. 7 and 8 represent only one standard deviation, and
care must be taken to avoid over interpreting the results,
this apparent dependence on atomic number may be related
to the structure and chemistry of the silicate melt.

As outlined in Section 4.2, high nbo/t silicate liquids are
more tightly packed, and there is a smaller population of
sites available for large cations (Cs) than for small ones
(K, Na). Because we infer that one of the driving factors
in Cs partitioning is that its large size causes its displace-
ment from the silicate liquid, it follows that cations of a
smaller size would have a weaker response. Additionally,
high nbo/t melts tend to favor cations that form strong
bonds with oxygen (Watson, 1976). Cs, having the lowest
charge/radius ratio, will tend to form the weakest bonds.
The combination of these two effects renders cations with
small ionic radii more compatible in silicate melts with high
nbo/t; therefore, the partition coefficients of K and Na ex-
hibit less drastic changes with varying nbo/t than for Cs.

4.4. Comparison to other work

There have been relatively few metal-silicate partitioning
studies for the alkalis (e.g., Chabot and Drake, 1999; Gess-
mann and Wood, 2002; Murthy et al., 2003), and the ones
that have been conducted have not yielded consistent DK

values. This inconsistency is largely due to different compo-
sitions, particularly due to small changes in S content.
Using our parameterization, described in Section 4.1, we

Fig. 14. Variation in metal-silicate partition coefficient with oxygen fugacity for (a) Cs, (b) K, and (c) Na, with all data normalized to nbo/t of
2.7. Deconvolution of the effects of nbo/t in these experiments readily reveals the effect of lowering oxygen fugacity.
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have normalized the data presented Chabot and Drake
(1999), Gessmann and Wood (2002), and Murthy et al.
(2003) to XS = 0.5. The change in nbo/t for these three
studies is displayed with ours in Fig. 15. After normaliza-
tion, it is clear that three of these studies have found a sim-
ilar trend with nbo/t, while Murthy et al. (2003) found the
opposite effect on DK with respect to changing nbo/t.
The reason for this discrepancy is not known; however,
our trend for nbo/t may be described as
logDK = �2.4 + 0.67 · (nbo/t), which is very similar to
the regression presented by Chabot and Drake (1999) of
logDK = �3.5 + 0.46 · (nbo/t).

In summary, there are some common features in the
trends of most studies. For example, this study supports
Murthy et al. (2003) in the assertion that the pressure effect
for alkali partitioning is very weak. In all studies in which S
content was a parameter, partitioning of the alkali elements
K and Na rose dramatically with the S content of the metal
phase (Chabot and Drake, 1999; Gessmann and Wood,
2002). In all cases, K and Na are completely lithophile in
S-free charges.

4.5. Cs and core formation

In order to determine whether Cs is a useful element in
constraining core formation conditions, it is necessary to
know the DCs that would explain the observed mantle
abundances. Without samples of the core, we must infer
what the concentration in the metal phase should be. Our
approach was to use the expected abundance from the vol-
atility trend (Fig. 1) as the basis for pre-segregation concen-
tration. We assume that the entire depletion of Cs relative
to the volatility trend is due to core extraction; i.e., all of
the missing Cs is in the core. Under these assumptions,
we calculate the D-value required to generate estimated
primitive mantle abundances as follows:

D ¼ Cmetal

Csilicate
¼
ðCexpected � CmantleÞ � mmantle

mcore

Cmantle

where Cexpected is given by the volatility trend, Cmantle is
measured or estimated from basalts and mantle xenoliths,
and m is the mass of subscripted reservoir. An additional
uncertainty is introduced due to the difficulty of estimating
primitive mantle concentrations (e.g., Kargel and Lewis,

1993) due to extensive processing of the upper mantle. This
is especially true for lithophile trace elements. Based on var-
ious estimates of mantle composition (Lodders, 1995;
McDonough, 2004) and the estimated condensation tem-
perature of Cs, the DCs required to explain its primitive
mantle abundance is between 3 and 80.

The maximum DCs obtained in this study was 0.345.
Most conditions required to obtain this D-value were rela-
tively reasonable: nbo/t was 2.7, approximately equal to
that of peridotite, and oxygen fugacity was IW-2.0, which
is usually assumed to be reasonable for core formation con-
ditions (e.g., Chabot and Drake, 1999; Chabot and Agee,
2003). However, the starting metal composition was pure
FeS, which resulted in 33 wt% S in the metal. This is well
outside the range of possibilities based on cosmochemical
and geophysical arguments, which hold that Earth’s core
contains no more than 14 wt% S (Brown et al., 1984),
and probably less than 5 wt% (Kargel and Lewis, 1993).
The precipitous drop in DCs with decreasing metallic S con-
tent, combined with the fact that no other parameter stud-
ied here could reasonably raise DCs by another order of
magnitude, precludes the possibility that Cs has been
sequestered to Earth’s core by simple metal-silicate parti-
tioning. However, based on our results it is certainly possi-
ble that a planet with a larger inventory of S and other
volatile elements, such as Mars, may incorporate significant
amounts of alkali metals into its core.

4.6. Remaining work

Recent work on the solubility of K in Fe has focused on
the electronic configuration and associated physical structure
transitions of elemental K at pressures above 26 GPa (Lee
et al., 2004). This shift, which involves the single valence elec-
tron migrating from an s orbital to a d orbital, was predicted
by Bukowinski (1976) and demonstrated at room tempera-
ture by Takemura and Syassen (1983). At pressures above
those that produce the transition, alkali metals may behave
more like transition metals, which also have electrons in d
orbitals, and display a drastically increased solubility in iron.
The s fi d transition is also applicable to the other alkali ele-
ments, with the pressure of that transition lowering for
increasing atomic number (Winzenick et al., 1994). The
appearance of this effect at 26 GPa for K suggests that the
same transition for Cs should be well within the reach of a
diamond-anvil cell (DAC) apparatus.

Lee et al. (2004) acknowledged that this phenomenon
could allow incorporation of a greater amount of K in the
core than is allowed by cosmochemical abundance, and an
order of magnitude more than is required to sustain the geo-
dynamo. They also stated that if core segregation was largely
complete by the time the earth was large enough to have a
magma ocean extending to 26 GPa, that would explain the
relatively minor depletion of K in Earth’s mantle. By exten-
sion to Cs, a lower s fi d transition pressure would have al-
lowed more Cs to be extracted from the mantle, and would
explain the relatively large depletion in the mantle. A similar
Cs-bearing DAC experiment could thus be quite revealing.

In addition, a simple metal-silicate partitioning experi-
ment should also be conducted at pressures above the

Fig. 15. DK vs. nbo/t, with data from Chabot and Drake (1999)
(stars), Gessmann and Wood (2002) (circles), Murthy et al. (2003)
(asterisks) and this study (solid squares). All data have been
normalized to XS = 0.5.
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s fi d transition. For K, this work has begun with the
experiments of Hirao et al. (2006), and should also be ex-
tended to Cs to determine whether the high-pressure parti-
tioning of Cs is radically different than at modest pressures.
If so, Cs could still provide a valuable clue to the conditions
under which the core segregated.

5. CONCLUSION

We provide the first data set on the partitioning behav-
ior of Cs under varying conditions of pressure, tempera-
ture, metal and silicate composition, and oxygen
fugacity. Over a temperature range of 1900–2400 �C, there
was a weak correlation of DCs with rising temperature, but
the trend was nearly lost in the noise, and was not appar-
ent at all for DK and DNa. The pressure effect was weakly
negative up to 15 GPa, the highest pressure attained in
this study. Oxygen fugacity was varied from approxi-
mately two log units below the iron–wüstite buffer
(IW-2) to IW-4. Normalization these data to nbo/t of
2.7 revealed that the reduction in oxygen fugacity resulted
in a rise in D-values for all alkalis by approximately an
order of magnitude. As reported in other experiments
(e.g., Chabot and Drake, 1999; Gessmann and Wood,
2002), DNa and DK were strongly correlated with nbo/t,
and this correlation held for DCs as well. The strongest
dependence for all the alkalis in this study was on S con-
tent of the metal phase, with S contents above 25%
strongly raising D-values. Overall, the relative effects of
each parameter are broadly consistent with other alkali
partitioning studies, but in most cases the absolute D-val-
ues measured are much different, even for K and Na un-
der almost identical conditions.

Although clear trends are evident for some of these
parameters, they are not pronounced enough to raise ce-
sium’s metal-silicate partition coefficient high enough to ex-
plain its depletion in Earth’s mantle without resorting to
unreasonable core formation conditions. It is possible that
future work concentrating on the high-pressure electronic
transition of Cs will discover partition coefficients much
higher than those measured in this study of moderate-pres-
sure partitioning.
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