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Abstract–Volatile element concentrations in planets are controlled by many factors such as
precursor material composition, core formation, differentiation, magma ocean and
magmatic degassing, and late accretionary processes. To better constrain the role of core
formation, we report new experiments defining the effect of temperature, and metallic S and
C content on the metal-silicate partition coefficient (or D(i) metal/silicate) of the volatile
siderophile elements (VSE) Bi, Cd, In, and Sn. Additionally, the effect of pressure on metal-
silicate partitioning between 1 and 3 GPa, and olivine-melt partitioning at 1 GPa have been
studied for Bi, Cd, In, Sn, As, Sb, and Ge. Temperature clearly causes a decrease in D(i)
metal/silicate for all elements. Sulfur and C have a large influence on activity coefficients in
metallic Fe liquids, with C causing a decrease in D(i) metal/silicate, and S causing an
increase. Pressure has only a small effect on D(Cd), D(In), and D(Ge) metal/silicate.
Depletions of Bi, Cd, In, and Sn in the terrestrial and Martian mantles are consistent with
high PT core formation and metal-silicate equilibrium at the high temperatures indicated by
previous studies. A late Hadean matte would influence Bi the most, due to its high D
(sulfide/silicate) ~2000, but segregation of a matte would only reduce the mantle Bi content
by 50%; all other less chalcophile elements (e.g., Sn, In, and Cd) would be minimally
affected. The lunar depletions of highly VSE require a combination of core formation and
an additional depletion mechanism—most likely the Moon-forming giant impact, or lunar
magma ocean degassing.

INTRODUCTION

The origin of volatile elements in the Earth, Moon,
and Mars is not well constrained; however, several
theories have been proposed based on volatile elements
such as In, As, Se, Te, and Zn, which are depleted in
the Earth, Moon, and Mars relative to chondrites.
Explanations for these low concentrations are based on
two contrasting theories for the origin of Earth:
equilibrium core formation versus late accretion. One
idea is that the volatiles were added during growth of

the planets and Moon, and with halogens and lithophile
elements remaining in the mantle, and the more
siderophile elements mobilized into the metallic core
(e.g., Righter et al. 2011) with a depletion
commensurate with the magnitude of the metal/silicate
partition coefficient, D(i) metal/silicate. A competing
idea is that they were added to the mantles after core
formation had completed (e.g., Albarede 2009). For
many other refractory siderophile elements, the
abundances in the mantle can be explained by high
pressure and temperature (PT) equilibrium between
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molten mantle and metallic core (Wade and Wood
2005; Mann et al. 2009; Righter 2011; Siebert et al.
2013). Such a deep magma ocean scenario on the early
Earth can account for moderately siderophile elements
(Ni, Co, Mo, and W), weakly siderophile elements (Mn,
V, Cr, and Nd), and some moderately volatile
siderophile elements (VSE; Ge, Ga, Cu, and P). The
highly volatile elements have yet to be tested for this
scenario, primarily due to lack of experimental data at
conditions required to evaluate this theory.

Bi, Cd, In, and Sn all display depletions in Earth’s
mantle relative to CI chondritic concentrations
(Fig. 1). Cadmium isotopes have been measured in a
wide variety of materials with an aim to constrain the
volatile history of inner solar system material (e.g.,
Wombacher et al. 2003, 2008; Schediwy et al. 2006),
and Cd distribution within the Earth’s oceans and
crust has been studied in detail as well (Horner et al.
2013; Hohl et al. 2017). However, a primary control
on Cd distribution in the Earth’s interior—core/mantle
partitioning—is relatively poorly understood. The
lower values of VSE in the terrestrial mantle could be
caused by core formation, which would sequester
siderophile elements into the core, or by volatility as
Earth’s building blocks may have been volatile
element–depleted relative to CI chondrites. The
terrestrial values could also be attributed to a
combination of both core formation and volatility.
Testing these ideas involves quantitative modeling
which can only be performed after data are obtained
on the systematic partitioning behavior of volatile
elements with temperature, pressure, and melt
composition. Such data for Bi, In, and Cd have been
lacking, and the goal here was to study temperature
and melt compositional effects to complement existing
studies (Ballhaus et al. 2013; Wang et al. 2016; Righter
et al. 2017a, 2017b). Combining our metal-silicate
partition coefficient data for Bi, Cd, In, and Sn with
published data will allow prediction of D and thus can
be used to evaluate potential conditions under which
terrestrial planets differentiated into core and mantle,
and how they acquired volatiles.

EXPERIMENTAL METHODS

Experiments were conducted at constant pressure
and variable temperatures using a nonend-loaded piston
cylinder apparatus with a type C W-Re thermocouple at
NASA-JSC. The sample used for these experiments was
a ground, mechanically mixed powder composed of 70
wt% Knippa basalt, the composition of which is
described in Lewis et al. (1993); 24 wt% Fe; and 2 wt%
each Bi2O3, In2O3:SnO2 (90:10 wt%), and Cd.
Polycrystalline MgO and graphite were the two capsule

types used in an assembly with a BaCO3 pressure
medium. Upon reaching a constant pressure of 1.0 GPa,
samples were heated to silicate superliquidus
temperatures for durations based on equilibration times
from previous experiments (Li and Agee 1996; Righter
and Drake 1997). Afterward, the samples were power
quenched to glass or polyphase quench crystals
surrounding large metallic liquid spheres.

Three different experiment series were performed
with this composition, including a time series with
graphite capsules (30, 60, 90, and 120 min), and two
temperature series from 1500 to 1900 °C, each using
different capsules (either MgO or graphite) for a total
of 14 experiments. Two additional experiments at
1700 °C and MgO capsules included addition of FeS at
5% and 10% of the metal, and were designed to
investigate the effect of sulfur alloyed in the metal.

A pressure series was carried out at 1, 2, and
3 GPa, all at 1900 °C, to investigate the effect of
pressure on partition coefficients in a pressure range
relevant to the lunar interior. These experiments
utilized a bulk composition in the CaO-MgO-FeO-
SiO2-Al2O3 system with essentially no TiO2, K2O,
Na2O, or P2O5. In addition to Bi, Cd, Sn, and In, we
also added As, Ge, and Sb. The metallic portion was
added in the same ratio (30:70) with silicate as above.
Two experiments were carried out without metal, also
at 1900 °C, and stabilized olivine. These were used to
investigate the olivine-melt partitioning of these eight
VSE.

Finally, to measure the effect of S and C on Bi, Cd,
In, and Sn partitioning, we carried out several solid
metal/liquid metal (SM/LM) experiments in the Fe-S
and Fe-C systems, both at 1250 °C. These experiments
were designed to examine the gross effects of each light
element on the partitioning, especially as so little
information exists for these elements. Compositions
were targeted that had solid and liquid in the Fe-S and
Fe-C systems at 1250 °C.

ANALYTICAL METHODS

Samples were mounted in epoxy, sectioned, and
polished, and then examined using either a JEOL
LV5910 scanning electron microscope or JEOL 8530F
field emission gun microprobe imaging at NASA-JSC
(Fig. 2). The bright phases are spheres of metal that
equilibrated with the silicate melt, which is darker. For
experiments carried out with graphite capsules, all
metals were carbon saturated. The metal and silicate
samples were analyzed for major element composition
using a Cameca SX100 and JEOL 8530 FEG-EMPA
for electron microprobe analysis (EMPA) both at
NASA-JSC. For metals, 15 kV accelerating voltage and
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30 nA sample current was used during analysis; for
silicates (glasses and olivines), a sample current of
10 nA was used. For both the metal and the glasses
with coarse-grained quench texture, a defocused 30 lm
beam was used for analysis, and typically 40–50 points
were analyzed and averaged to obtain a representative
composition of the metallic and silicate melts. A variety
of natural and synthetic standards were used, e.g., Fe,
Ni, Bi, Cd, InP, Sn, Fe3C, and FeS. Measurements of C
in metal were acquired with a cold-finger chilled with
liquid nitrogen, which strongly depresses C surface
contamination. The JEOL 8530 microprobe is equipped

with oil-free scroll pumps, and turbo pumps rather than
diffusion pumps, and these features minimize C
contamination problems. To avoid interferences among
the many Cd, In, and Sn L lines and by second- and
third-order Fe Ka and Kb peaks, backgrounds were set
accordingly. Analyses are reported in Tables 1–5, and
typically have 2r error ~2%. In silicate-bearing
samples, the Bi, Cd, In, and Sn content of the glass was
lower than the detection limit of the EMPA; therefore,
the silicate samples were also analyzed for trace element
composition using laser ablation inductively coupled
plasma–mass spectrometry (LA-ICP-MS) at Rice

Fig. 1. Depletion diagrams for Bi, Cd, In, and Sn showing chondritic abundances (green circles) as well as terrestrial basalt and
peridotite (black and open gray triangles), Martian basalt (red triangles), lunar basalt (blue triangles), lunar glass beads (black
and blue circles for In and Cd only from Hauri et al. 2015), and estimates of the Martian and lunar mantles derived here and
from the literature (large squares), as well as the uncertainty in those values (shaded blue and red for Moon and Mars mantles,
respectively). Bulk Earth and Mars value are plotted as open and red circles, respectively (see Table 6 for all values). Bi, Cd, and
In all share similar incompatibility with Yb, while Sn shares similar incompatibility with Sm. Indium and Cd in the Earth and
Moon are higher than in some chondrites due to their volatile nature. Sources of terrestrial data—Hertogen et al. (1980),
Jochum et al. (1993), Yi et al. (1995, 2000), Norman et al. (2004), Witt-Eickschen et al. (2009), Jenner et al. (2012), Jenner and
O’Neill (2012), Jochum et al. (2016), and Hauri et al. (2015). Sources of Mars data—Laul et al. (1972), Burghele et al. (1984),
Smith et al. (1984), Lodders (1998), Wang et al. (1999), Warren et al. (1999), and Yang et al. (2015). Sources of Moon data—
Taylor et al. (1971), W€anke et al. (1970, 1971, 1972, 1973), Wolf et al. (1979), and BVSP (1981). All chondrites from the
compilation of Newsom (1995).

286 K. Righter et al.



University (using a similar approach to that of Righter
et al. 2011). Standards used for the laser analysis were
NIST610, NIST612, BHVO2g, and BCR2g glasses. Spot
size varied from 50 to 200 lm (30–40 lm depth),
depending on the size of the sample, but most spots
were 200 lm to maximize the area and volume being
measured. Analysis was performed at low resolution
(LR) and normalized to 43Ca isotope. The only trace
elements specifically studied for this research were 42Ca,
43Ca, 111Cd, 110Cd, 115In, 117Sn, 118Sn, 119Sn, 209Bi,
69Ga, and 71Ga. Data from the analysis of 209Bi, 111Cd,
115In, and 119Sn at LR were used to calculate Cd, In,
Bi, and Sn in ppm in the silicates. Analyses are reported
in Tables 1 and 2, along with 2r error, which is close to
10%.

Analyses of the KNM series experiments (KNM-1a,
-2a, -3a, and -1 and -2) were performed at the
University of Houston using a Photon Machines
Analyte. 193 ArF laser ablation system coupled to a
Varian 810-MS ICP-MS. During LA-ICP-MS, we
measured 25Mg, 29Si, 43Ca, 72Ge, 75As, 111Cd, 113In,
115In, 118Sn, 121Sb, and 209Bi. For the analysis of these
experiments, we used a round ~60 lm diameter laser
spot at the sample surface, a repetition rate of 8 Hz,
and a laser power setting of 2.99 J cm�2. The carrier
gas used to carry ablated material to the detector was
He at a flow rate of 500 mL min�1. For each analyzed
point, we measured a 20 s gas blank prior to sample
ablation, followed by ~30 s ablation on the sample. All
trace element data were corrected for laser and ICP-MS
elemental fractionation with NIST 612, and 43Ca as an
internal standard. Data were reduced using the Glitter
software (Van Achterbergh et al. 1999). Analyses are
reported in Tables 3 and 4, along with 2r error.
Previous studies by our group have demonstrated good
agreement between the Rice and UH LA-ICP-MS
instruments (Righter et al. 2017a, 2017b), and a
comparison for Bi, Cd, In, and Sn is presented in
Table S1 in supporting information.

RESULTS

Phase Relations and Equilibrium

All metal/silicate experiments contain metallic
spheres that equilibrated with silicate melt, with one
exception: M1500 contained SM, not LM, because its
melting point is higher than 1500 °C. Upon quench, the
metallic spheres form a quench texture comprised of
multiple metallic phases that stabilize during cooling.
Similarly, for the experiments in MgO capsules, the
silicate melt does not quench to a glass but rather to a
matte (or intergrown mixture) of glass and quench
crystals, due to the reaction of the MgO capsule with

Fig. 2. A) Backscattered electron (BSE) image of sample NM-
1800 run at 1800 °C and 1 GPa. The sample resulted in
quenched metallic liquid (light gray) surrounded by silicate
glass (dark gray) which is encased in the graphite capsule
(black). B) Backscattered electron (BSE) image of sample
FeS+2 run at 1700 °C and 1 GPa in an MgO capsule. The
sample consists of quenched metallic liquid (intermediate gray)
with blebs of Bi-rich metal near the edges of the metallic
sphere. C) Backscattered electron (BSE) image of sample
KNM-3a run at 1900 °C and 3 GPa in an MgO capsule. The
sample consists of quenched metallic liquid (intermediate gray)
and again with blebs of Bi-rich metal at the edges of the
metallic sphere. Silicate melt appears dark in this image to
highlight the contrast within the quenched metallic liquid.
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the basaltic starting materials to form more MgO-rich
liquids that are difficult to quench to a glass.
Experiments in graphite capsules experienced no
reactivity with the silicate melt, and so those
experiments all contain homogeneous glass. Equilibrium
olivine formed in a few experiments including the
KNM-1 and KNM-2 experiments.

In nearly every experiment, Bi-rich blebs of metal
are present at the edges of the larger metallic spheres,
indicating that Bi saturated in the Fe liquids (Fig. 2B).
Furthermore, the Bi levels measured in both the glass

and metal are lower than the levels added to the
starting materials. This is consistent with Bi saturation
in the experiments.

Several lines of evidence can be used to assess
whether equilibrium was approached in these
experiments. First, experiments TS30, TS60, KNM-
1600, and TS-120 define a time series carried out at 30,
60, 90, and 120 min, respectively, at 1.0 GPa and
1600 °C. After 60 min, the D(i) metal/silicate do not
change (within error of measurements) and the system
has equilibrated (Fig. 3). Finally, the experiments

Table 1. Summary of all the metal-silicate experiments with MgO capsules (all at 1 GPa).

Sample M1500 M1600 M1700 M1800 M1900 FeS+1 FeS+2

T (°C) 1500 1600 1700 1800 1900 1700 1700
Duration (min) 180 90 45 15 10 45 45

ΔIW (ideal) �2.15 (3) �2.25 (3) �2.36 (3) �2.41 (3) �2.82 (3) �2.35 (3) �2.07 (3)
ΔIW (activity) �1.75 (3) �1.84 (3) �1.95 (3) �2.00 (3) �2.41 (3) �1.95 (3) �1.66 (3)
Silicate (EMPA)

SiO2 29.8 (6) 28.8 (6) 31.7 (7) 31.9 (7) 32.6 (7) 31.9 (7) 32.3 (7)
TiO2 4.29 (8) 3.92 (8) 2.62 (5) 2.55 (5) 3.08 (6) 2.55 (5) 2.64 (5)
Al2O3 9.57 (19) 11.49 (21) 8.31 (16) 7.84 (15) 9.22 (18) 8.56 (17) 8.07 (16)

Cr2O3 0.010 (1) 0.020 (1) n.d. 0.010 (1) 0.010 (1) n.d. n.d.
FeO 14.7 (3) 13.0 (3) 11.6 (2) 11.1 (2) 8.70 (17) 10.68 (21) 11.47 (23)
MnO 0.160 (3) 0.160 (3) 0.130 (3) 0.130 (3) 0.110 (2) 0.120 (2) 0.130 (3)
MgO 16.5 (3) 21.1 (4) 31.6 (6) 32.1 (6) 29.2 (6) 34.3 (7) 29.6 (6)

CaO 15.0 (3) 13.7 (3) 8.46 (17) 9.00 (18) 11.3 (2) 7.99 (16) 9.51 (19)
Na2O 3.98 (8) 3.59 (8) 2.07 (4) 1.99 (4) 2.92 (6) 2.06 (4) 3.44 (7)
K2O 2.45 (4) 2.10 (4) 1.30 (3) 1.28 (2) 1.67 (3) 1.23 (2) 1.80 (4)

P2O5 1.06 (2) 0.83 (2) 0.55 (1) 0.49 (1) 0.36 (1) 0.40 (1) 0.55 (1)
SO2 0.030 (1) 0.010 (1) – 0.020 (1) 0.020 (1) – –
Total 97.53 98.77 98.40 98.39 99.20 99.69 99.52

LA-ICP-MS
Bi ppm 3.0 (3) 7.0 (7) 10.2 (9) 13.0 (1.3) 63.5 (6.4) 22.5 (2.3) 13.5 (1.4)
In ppm 2800 (280) 2400 (240) 2080 (210) 2160 (220) 4230 (420) 1480 (150) 825 (83)
Cd ppm 1140 (114) 1345 (135) 1450 (145) 1270 (127) 2540 (254) 1220 (122) 1620 (162)

Sn ppm 147 (15) 71 (7) 41 (4) 49 (5) 117 (12) 51.8 (5.2) 31.6 (3.2)
Metal (EMPA)
Si n.d. 0.040 (2) n.d. 0.020 (1) 0.020 (1) n.d. 0.040 (2)

C 0.65 – – – – 0.402 0.678
P 0.10 (1) 0.19 (1) 0.50 (3) 0.30 (2) 0.57 (3) 0.30 (2) 0.12 (1)
S 0.004 (1) 0.031 (1) 0.028 (1) 0.034 (1) 0.046 (1) 1.35 (3) 10.22 (50)

Fe 98.14 (1.96) 96.88 (1.93) 96.51 (1.93) 94.99 (1.91) 94.50 (1.89) 91.32 (1.83) 81.25 (1.62)
Cd 0.074 (2) 0.380 (8) 0.380 (8) 0.370 (7) 0.330 (7) 1.62 (3) 2.19 (4)
In 0.250 (5) 1.60 (3) 1.52 (3) 1.47 (3) 1.58 (3) 1.38 (3) 1.52 (3)

Sn 0.250 (5) 0.410 (8) 0.390 (8) 0.440 (9) 0.50 (1) 0.350 (7) 0.310 (6)
Bi 0.0002 (1) 0.062 (2) 0.092 (3) 0.051 (3) 0.129 (2) 1.62 (3) 1.33 (3)
Total 99.47 99.59 99.42 97.68 97.68 98.34 97.09
D Cd 0.65 (9) 2.8 (4) 2.6 (4) 2.9 (4) 1.3 (2) 13.3 (2.0) 13.5 (2.0)

D In 0.89 (13) 6.7 (1.0) 7.3 (1.1) 6.8 (1.0) 3.7 (0.6) 9.3 (1.4) 18.4 (2.8)
D Sn 17.0 (2.6) 57.7 (8.7) 95.1 (14.2) 89.8 (13.5) 42.7 (6.4) 67.6 (10.1) 98.1 (12.7)
D Bi 0.67 (10) 88.6 (13.2) 90.2 (13.5) 39.2 (8.9) 20.3 (3.0) 720 (108) 985 (148)

lnKD Cd �7.4 (0.6) �6.1 (0.4) �6.3 (0.4) �6.2 (0.4) �7.2 (0.6) �4.7 (0.4) �4.5 (0.4)
lnKD In �19.5 (1.6) �16.0 (1.3) �16.3 (1.3) �16.5 (1.3) �18.3 (1.4) �16.2 (1.3) �14.6 (1.2)
lnKD Sn �7.0 (0.6) �6.5 (0.5) �6.2 (0.5) �5.7 (0.4) �8.5 (0.7) �5.9 (0.4) �5.0 (0.4)

lnKD Bi �28.0 (2.1) �17.8 (1.4) �17.7 (1.4) �19.3 (1.5) �19.3 (1.5) �12.8 (1.0) �11.9 (1.0)

n.d. = “not detected.”
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reported here are similar to or longer than experiments
for which time series have been done for slow diffusing
elements such as Mo+ and P5+, as well as Ga3+ and
Sn4+ (Righter and Drake 2000; Righter et al. 2010).
Second, if the reaction of metal with silicate did not
reach completion or equilibrium, there will be variable
silicate compositions according to the equilibrium
2Fe + Mg2SiO4 + O2 = 2MgO + Fe2SiO4 and one
might expect to find zoned metal or olivine. However,
the olivines are not compositionally zoned, indicating

that equilibrium has been attained. Metals, although
not expected to show zoning as they are simply Fe-Bi-
Cd-Sn-In alloys, were also homogeneous.

Olivine crystallized in experiments KNM-1 and
KNM-2 (with MgO capsules), and the composition of
the olivine and coexisting melt can be used to assess
whether equilibrium was approached in the experiments.
Olivine-melt KD are consistent with equilibrium:
calculated Fo contents (XFo) based on the olivine-melt
KD(Mg-Fe) models of Snyder and Carmichael (1992)

Table 2. Summary of all the metal-silicate experiments in graphite capsules (all at 1 GPa).

Sample C1500 C1600 C1700 C1800 C1900 TS30 TS60 TS120

T (°C) 1500 1600 1700 1800 1900 1600 1600 1600
Duration (min) 180 90 45 15 10 30 60 120

ΔIW (ideal) �2.01 (3) �2.20 (3) �2.07 (3) �2.11 (3) �2.25 (3) �2.11 (3) �2.09 (3) �2.10 (3)
ΔIW (activity) �1.28 (3) �1.42 (3) �1.32 (3) �1.38 (3) �1.47 (3) �1.34 (3) �1.32 (3) �1.33 (3)
Silicate (EMPA)

SiO2 38.1 (8) 38.5 (8) 38.4 (8) 38.8 (8) 38.5 (8) 37.8 (8) 38.5 (8) 38.2 (8)
TiO2 3.36 (7) 3.37 (7) 3.22 (6) 3.19 (6) 3.28 (6) 3.46 (7) 3.30 (7) 3.23 (6)
Al2O3 9.88 (20) 9.77 (20) 9.57 (19) 9.56 (19) 9.80 (20) 8.80 (18) 9.53 (20) 9.80 (20)

Cr2O3 0.06 (1) 0.06 (1) 0.06 (1) – 0.08 (1) 0.08 (1) 0.06 (1) 0.07 (1)
FeO 18.03 (36) 17.91 (36) 17.09 (34) 17.74 (35) 17.57 (35) 18.13 (36) 17.73 (35) 17.76 (35)
MnO 0.20 (1) 0.20 (1) 0.21 (1) 0.19 (1) 0.19 (1) 0.20 (1) 0.20 (1) 0.19 (1)
MgO 12.4 (2) 13.0 (3) 13.7 (3) 13.4 (3) 13.3 (3) 15.4 (3) 13.8 (3) 13.0 (3)

CaO 11.36 (22) 11.16 (22) 11.02 (22) 10.69 (22) 11.02 (22) 11.16 (22) 11.17 (22) 11.10 (22)
Na2O 2.59 (5) 2.61 (5) 2.55 (5) 2.62 (5) 2.48 (5) 2.13 (4) 2.41 (5) 2.60 (5)
K2O 1.54 (3) 1.52 (3) 1.51 (3) 1.52 (3) 1.50 (3) 1.18 (2) 1.46 (3) 1.60 (3)

P2O5 0.75 (2) 0.75 (2) 0.79 (2) 0.63 (2) 0.83 (2) 0.66 (2) 0.67 (2) 0.77 (2)
SO2 0.020 (2) 0.030 (2) 0.020 (2) – 0.030 (2) – – –
Total 98.08 98.83 98.28 98.28 98.56 98.95 98.86 98.34

LA-ICP-MS
Bi ppm 4.5 (4) 7.0 (7) 11.0 (1.1) 16.0 (1.6) 14.5 (1.5) 10.0 (1.0) 9.2 (9) 5.7 (6)
In ppm 5780 (580) 7475 (750) 5520 (550) 6430 (643) 8770 (877) 6520 (652) 6224 (620) 6500 (650)
Cd ppm 2910 (290) 5473 (550) 3500 (350) 3773 (380) 5270 (530) 3550 (360) 3200 (320) 3331 (330)

Sn ppm 237 (24) 312 (31) 273 (27) 274 (27) 360 (36) 261 (26) 245 (25) 273 (27)
Metal (EMPA)
Si n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

C 5.59 (11) 6.04 (12) 5.91 (12) 6.09 (12) 6.07 (12) 5.67 (11) 5.73 (11) 5.96 (12)
P 0.031 (1) 0.041 (1) 0.091 (2) 0.145 (3) 0.174 (4) 0.0020 (1) 0.0030 (2) 0.054 (2)
S 0.0120 (1) 0.0190 (4) 0.0160 (3) 0.0170 (3) 0.0160 (3) 0.0040 (1) 0.0070 (2) 0.009 (1)

Fe 91.21 (1.82) 94.93 (1.90) 92.11 (1.80) 94.47 (1.88) 94.46 (1.67) 93.05 (1.86) 91.64 (1.84) 93.92 (1.88)
Cd 0.039 (1) 0.055 (1) 0.068 (1) 0.064 (1) 0.092 (2) 0.031 (1) 0.025 (1) 0.044 (1)
In 0.340 (7) 0.344 (7) 0.378 (8) 0.370 (8) 0.429 (8) 0.385 (8) 0.489 (9) 0.337 (7)

Sn 0.266 (5) 0.27 (5) 0.280 (6) 0.253 (5) 0.254 (5) 0.304 (6) 0.337 (7) 0.253 (5)
Bi 0.0127 (2) 0.0175 (3) 0.0138 (3) 0.0134 (3) 0.0254 (5) 0.083 (2) 0.0030 (1) 0.0070 (2)
Total 97.57 101.72 98.87 101.49 101.52 99.54 98.20 100.59
D Cd 0.13 (2) 0.10 (2) 0.19 (3) 0.17 (3) 0.17 (3) 0.087 (13) 0.078 (12) 0.13 (5)

D In 0.59 (9) 0.46 (7) 0.68 (10) 0.58 (9) 0.49 (7) 0.59 (9) 0.79 (12) 0.52 (8)
D Sn 11.2 (1.7) 8.7 (1.3) 10.3 (1.5) 9.2 (1.4) 7.1 (1.1) 11.6 (1.7) 13.8 (2.1) 9.3 (1.4)
D Bi 28.2 (4.2) 25.0 (3.8) 12.6 (1.9) 8.4 (1.2) 17.5 (2.6) 83 (12) 3.3 (5) 12.3 (1.8)

lnKD Cd �8.7 (0.6) �9.0 (0.6) �8.4 (0.6) �8.6 (0.6) �8.4 (0.6) �9.2 (0.6) �9.3 (0.6) �8.8 (0.6)
lnKD In �19.3 (1.5) �19.9 (1.5) �19.2 (1.5) �19.5 (1.5) �19.6 (1.5) �19.4 (1.5) �18.8 (1.5) �19.7 (1.5)
lnKD Sn �6.8 (0.5) �7.2 (0.5) �7.0 (0.5) �7.1 (0.5) �7.5 (0.5) �6.9 (0.5) �6.7 (0.5) �7.1 (0.5)

lnKD Bi �19.8 (1.5) �20.0 (1.5) �20.7 (1.5) �21.2 (1.5) �20.0 (1.5) �17.1 (1.4) �23.6 (1.7) �21.5 (1.5)

n.d. = “not detected.”
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and Gee and Sack (1988) are within 0.01 of the
measured olivine composition for each run (Table 4).

The two SM/LM partitioning experiments yielded D
SM/LM values for all four elements. D(SM/LM) are
�1 for Sn, In, Cd, and Bi confirming their chalcophile
behavior. In the Fe-C system, on the other hand, D
(SM/LM) are >1 for Sn, In, and Cd; Bi exhibited slight
preference for a C-bearing liquid over that of metal,
with a D(SM/LM) = 0.7. The experiment in the Fe-C
system also contained Fe carbide, thus allowing
determination of D(FeCarbide/LM); none of these
elements favor carbide, with Cd and Bi having D
(FeCarbide/LM) of 0.57 and 0.46, respectively, and Sn
and In <0.1 (Table 5).

Oxygen Fugacity

Oxygen fugacity (fO2) is also necessary to quantify
because metal-silicate partition coefficients can be
sensitive to fO2 changes. Oxygen fugacity for each
experiment was calculated relative to the IW buffer,
using the relation DIW = �2 9 log(XFe/XFeO), which is
used in many studies of metal-silicate partitioning, and
in this study ranged from 1.4 to 2.3 logfO2 units below
the iron-w€ustite buffer (Tables 1 and 2). For the
regression calculations (see below), absolute fO2 is
utilized, and calculated according to the relation
DIW = �2 9 log(aFe/aFeO), where fO2 for the IW buffer
at P and T was calculated using the expression of
Campbell et al. (2009), the activity of Fe in metal using
the interaction parameter model of Righter et al. (2016),
and the activity of FeO in the silicate melt from
Holzheid et al. (1997). The KNM experiments designed
to examine lunar interior pressure effects were at the
low end of fO2 estimates for the Moon (IW�1 to
IW�2; Sutton et al. 2005; Karner et al. 2006), and
therefore highly relevant to understanding the Moon.

Metal/Silicate Partition Coefficients

As observed in previous experimental studies
(Righter et al. 2010, 2011), reaction of silicate melts
with MgO capsules results in more MgO-rich silicate
melts at higher temperatures. For these experiments,
MgO varied from ~22 to ~32 wt% between 1600 and
1900 °C. The MgO capsule series discussion here
excludes the 1500 °C experiment because the metal
phase was solid, not liquid. Because some variation in
D(metal/silicate) can be attributed to small differences
in fO2, we calculated the partition coefficients as an
exchange coefficient with Fe based on the equilibrium:
MOn/2

silicate + (n/2)Femetal = Mmetal + (n/2)FeOsilicate, where
n is the valence of element M in the silicate melt. In this
way, any effect due to fO2 can be avoided, and thus

Table 3. Summary of metal-silicate experiments with
Bi, Cd, In, Sn, Ge, As, and Sb and variable pressure.

Sample KNM-1a KNM-2a KNM-3a

T (°C) 1900 1900 1900
Duration (min) 9 6 10

GPa 1 2 3
ΔIW (ideal) �2.21 (3) �2.14 (3) �2.29 (3)
ΔIW (activity) �1.81 (3) �1.73 (3) �1.88 (3)
Silicate (EMPA)

SiO2 33.34 (67) 33.74 (68) 27.61 (52)
TiO2 0.010 (1) 0.010 (1) 0.010 (1)
Al2O3 7.30 (15) 4.91 (10) 10.88 (20)

FeO 13.54 (27) 17.32 (34) 14.31 (28)
MnO 0.010 (1) 0.020 (1) 0.010 (1)
MgO 42.17 (84) 39.24 (78) 40.62 (81)

CaO 5.03 (10) 6.13 (11) 7.14 (13)
Na2O 0.010 (1) 0.020 (1) 0.010 (1)
K2O 0.010 (1) 0.030 (1) 0.020 (1)

P2O5 0.020 (2) 0.100 (10) 0.040 (6)
Total 101.43 101.52 100.66
LA-ICP-MS
Bi ppm 38.8 (3.8) 74.5 (13.4) 84.3 (16.9)

In ppm 912 (102) 1388 (272) 1440 (260)
Cd ppm 895 (92) 2415 (560) 2170 (860)
Sn ppm 0.23 (6) 0.42 (6) 0.50 (10)

As ppm 2.04 (38) 4.23 (87) 1.01 (60)
Sb ppm 11.1 (1.4) 42.5 (9.6) 9.7 (4.2)
Ge ppm 31.1 (3.8) 71.8 (12.9) 56.8 (12.7)

Metal (EMPA)
Si 0.040 (1) 0.050 (1) 0.060 (2)
C n.a. n.a. 2.11

P 0.020 (1) 0.030 (2) 0.070 (2)
S 0.010 (1) 0.010 (1) 0.010 (1)
Fe 90.09 (1.80) 91.14 (1.82) 92.03 (1.84)
Cd 0.220 (4) 0.270 (5) 0.330 (6)

In 1.25 (3) 1.09 (3) 0.88 (2)
Sn 0.010 (1) 0.008 (1) 0.008 (1)
Bi 1.86 (4) 0.68 (2) 1.49 (4)

As 1.35 (4) 1.14 (3) 1.23 (3)
Sb 1.74 (4) 1.25 (3) 1.65 (4)
Ge 1.41 (4) 1.31 (4) 1.34 (4)

Total 98.00 97.25 101.21
D Cd 2.5 (4) 1.1 (2) 1.5 (2)
D In 13.7 (2.1) 7.9 (1.2) 6.1 (9)
D Sn 435 (65) 190 (29) 160 (24)

D Bi 479 (72) 91 (14) 177 (27)
D As 6620 (980) 2700 (400) 12200 (1800)
D Sb 1570 (240) 294 (44) 1700 (260)

D Ge 450 (70) 182 (27) 236 (35)
lnKD Cd �15.1 (1.3) �15.4 (1.3) �16.2 (1.3)
lnKD In �12.3 (1.1) �14.5 (1.2) �13.5 (1.2)

lnKD Sn �6.1 (0.5) �6.7 (0.5) �6.5 (0.5)
lnKD Bi �3.6 (0.3) �4.0 (0.3) �4.5 (0.3)
lnKD As �14.4 (1.2) �14.7 (1.2) �15.1 (1.2)

lnKD Sb �8.6 (0.7) �9.6 (0.8) �8.1 (0.7)
lnKD Ge 0.5 (1) �0.7 (1) 0.7 (1)

n.a. = not analyzed.
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offers the best way to isolate a temperature effect. All
four elements decrease over this temperature range,
whether one considers lnKD or D(metal/silicate)
(Figs. 4A and 4B). The highest temperature
experiments, at 1900 °C with MgO contents near 30
wt%, contain silicate melts with compositions
closely approximating peridotite, and thus are highly
relevant to core formation in a magma ocean setting for
Earth.

In the temperature series carried out in graphite
capsules, the silicate melt composition and pressure are
fixed, and the metallic liquid composition is nearly
constant with Fe-Bi-Cd-Sn-In-C alloys containing ~6
wt% C (Table 2). For this series, most exchange and
partition coefficients decreased with temperature; those
for Bi, Sn, and In all decrease with temperature while
those for Cd stayed constant or increased slightly

(Figs. 4C and 4D). These experiments illustrate that D
(metal/silicate) for all four elements decrease with C-
saturation. Although these experiments are important
for understanding the effects of compositional variation
and dissolved C in metal, the MgO series is more
relevant to Earth’s peridotite mantle and low C core
(e.g., Badro et al. 2015).

The pressure series of experiments (KNM) was
designed to isolate any specific effect of pressure on D(i)
metal-silicate. Across this modest pressure range, we did
not observe significant variations (Fig. 5). D(Ge), D
(Cd), D(In), and D(Sn) metal/silicate all show a small
decrease with pressure, whereas D(As), D(Sb), and D
(Bi) metal/silicate have no obvious trend with pressure.
These results are, in general, consistent with previous
studies showing that pressure typically has a small or
modest effect on partitioning (Righter 2015).

Table 4. Summary of the olivine-melt experiments.

Sample KNM-1 oliv KNM-1 liq D KNM-2 oliv KNM-2 liq D

T (°C) 1900 1900
Duration (min) 10 10

EMPA
SiO2 39.86 (80) 38.01 (76) 41.45 (85) 37.05 (75)
Al2O3 0.58 (1) 3.64 (7) 0.43 (1) 4.83 (8)

FeO 2.50 (5) 4.09 (8) 1.69 (4) 5.12 (8)
MgO 55.63 (1.11) 52.01 (1.04) 56.11 (1.08) 48.63 (99)
CaO 0.29 (1) 0.68 (1) 0.32 (1) 3.42 (7)

Na2O 0.010 (1) 0.010 (1) 0.020 (2) 0.020 (2)
P2O5 0.010 (1) 0.030 (1) 0.010 (1) 0.030 (1)
XFo 0.98 0.98
X Fo predicteda 0.99 0.99

Total 98.88 98.47 100.04 99.14
LA-ICP-MS
Ge 5120 (175) 7600 (250) 0.68 (5) 5020 (350) 6930 (425) 0.73 (5)

As 190 (9) 5620 (246) 0.034 (3) 220 (30) 7450 (925) 0.030 (3)
Cd 570 (28) 3900 (177) 0.14 (2) 480 (50) 5140 (473) 0.094 (9)
In 1990 (69) 7600 (250) 0.26 (3) 1510 (130) 7340 (560) 0.21 (3)

Sn 0.21 (3) 0.94 (5) 0.22 (5) 0.15 (3) 0.62 (6) 0.25 (5)
Sb 148 (6) 6640 (250) 0.022 (3) 146 (16) 7900 (810) 0.019 (3)
Bi 41 (2) 7440 (347) 0.005 (1) 32 (2) 7040 (446) 0.005 (1)
aForsterite content calculated using either the Gee and Sack (1988) and Snyder and Carmichael (1992) oliv-liq models.

Table 5. Composition of phases in the solid metal (SM)-liquid metal (LM), and iron carbide (FeCarb) partitioning
experiments (EMPA).

Sample Si C Fe S In Sn Cd Bi Total

Liq 0.056 (2) 2.10 (11) 62.28 (1.18) 33.0 (7) 0.68 (3) 0.06 (1) 1.84 (4) 0.88 (2) 100.89
Sol 0.007 (1) 0.88 (2) 96.01 (1.92) 0.07 (1) 0.0020 (1) 0.032 (1) 0.026 (1) 0.0030 (1) 97.03

D(SM/LM) 0.0030 0.52 0.014 0.0034
Liq 0.025 (1) 2.44 (15) 98.66 (1.97) 0.002 0.252 (5) 0.16 (1) 0.032 (2) 0.007 (1) 101.57
Sol 0.031 (1) 2.32 (13) 98.32 (1.97) 0.002 0.385 (7) 0.18 (1) 0.034 (2) 0.005 (1) 101.28

Carb 0.033 (1) 6.45 (31) 95.14 (1.90) 0.0019 0.0067 (1) 0.013 (1) 0.018 (1) 0.0032 (2) 101.66
D(SM/LM) 1.53 1.13 1.06 0.71
D(FeCarb/LM) 0.03 0.08 0.57 0.46
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The two experiments with variable S content of the
metal reveal important effects of metallic sulfur content
on all four elements. D(Sn) and D(In) metal/silicate
exhibit a small or no effect of sulfur outside of known
effects of fO2, temperature, and melt composition
(Figs. 4A and 4B). D(Cd) and D(Bi) metal/silicate, on
the other hand, both exhibit significant increases with
metallic S contents, demonstrating their chalcophile
behavior. The same trends are evident whether one
considers lnKD or D(metal/silicate) partition coefficients
(Figs. 4A and 4B). Bi and Cd should thus be sensitive
indicators of chalcophile behavior—at least during core
formation—as compared with In and Sn.

Olivine/Melt Partition Coefficients

Although it is generally assumed that Bi, In, Cd,
As, Sb, Ge, and Sn are incompatible during mantle
melting, based on limited work in basaltic systems
(Suzuki and Akaogi 1995; Righter and Drake 2000;
Adam and Green 2006; Righter et al. 2009), there have
not been focused studies on all these elements
simultaneously. Here we systematically look at all,
compare to previous measurements, and show that the
low D(Cd) and D(Ge) olivine/silicate melt are consistent
with Onuma-type diagrams for other 2+ cations (Mg,
Fe, Ni, Mn, and Ca) (Fig. 6). We also show that the
range of values measured here for D(In), D(Sb), D(As),
and D(Bi) olivine/silicate melt are consistent with trends
observed for other 3+ cations such as Al, V, Sc, and Tm
(Fig. 6). D(Sb) olivine/silicate melt is lower than
expected given its ionic radius, but this could be due to
differing effects of nearest neighbor cations in the M1
and M2 sites of the olivine (e.g., Redfern et al. 2000).

The trends observed in all of these new series will
be quantified using metal-silicate partitioning
expressions derived below and combining our new data
with literature data.

DISCUSSION

Depletions of Bi, Cd, In, and Sn in Earth, Moon, and

Mars

Most siderophile element concentrations in
planetary mantles are much lower than those measured
in chondrites, and this has been attributed to several
processes: volatile depletions in Earth’s building blocks
(Drake et al. 1989), segregation into the Earth’s metallic
core (W€anke and Dreibus 1986), mantle melting and
sequestration in sulfide (Norman et al. 2004), and then
later volatility due to giant impacts, magma ocean
degassing, or later magmatism (Meyer et al. 1975).

Processes Responsible for Depletions
Precursor Volatile Depletions: Earth’s building

blocks are known to have experienced volatility that
ultimately dates back to nebular processes where partial
condensation from nebular gas resulted in depletions of
most volatile elements. The volatility trend is well
defined by many lithophile volatile elements such as Na,
K, Li, and Rb. The degree of volatility is usually
quantified by 50% condensation temperature. Below
values near 1200 K, elements exhibit larger and larger
depletions due to volatility such that at temperatures as
low as 300 K, depletion due to volatility could cause
values 1009 lower than that measured in chondrites.
The degree of volatility might also be defined by melt-
vapor equilibrium at higher temperatures relevant to
melting and differentiation in precursor bodies (Norris
and Wood 2017).

Core Formation: Many volatile elements are also
siderophile and thus can be concentrated in the metal
phase such as a metallic core. The volatility trend
defined by lithophile elements can be used to estimate
the degree to which the VSE were depleted before core
formation processes. Once this estimate is made, the
remaining (if any) depletion could be attributed to
segregation into a Fe metallic core.

Mantle Melting: Most of the VSE—and specifically
those studied here (Bi, Cd, In, and Sn)—are
incompatible during melting of the mantle. Therefore, if
a mantle VSE content has been set by precursor volatile
element depletion and later core formation, and is then
melted, the melts generated will have higher VSE
content than the mantle due to incompatibility. As a
result, if a VSE is plotted against a refractory lithophile
element (RLE) of similar incompatibility, the two

Fig. 3. Time series carried out at fixed temperature and
pressure for 30, 60, 90, and 120 min. After 60 min, the D(i)
metal/silicate do not change (within 2r error on
measurements; Table 2) and the system has equilibrated.
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elements will define a 1:1 linear trend (e.g., W€anke and
Dreibus 1986). Such examples can be seen in Sn-Sm,
Cd-Yb, In-Yb, or Bi-Yb diagrams (Fig. 1), as well as in
other siderophile–RLE pairs such as P-Nd, Mo-Pr, or
W-U (e.g., W€anke and Dreibus 1986). The linear trend,
coupled with an estimate of the RLE content of a
mantle, can be used to estimate the VSE content of the
mantle before melting. Deviations from a linear trend
may occur if another process occurs which can
fractionate the VSE but not the RLE. Two such
processes are magmatic degassing or retention in sulfide.

Sulfide Retention: Chalcophile elements are strongly
affected by the presence of sulfide. If a silicate melt
becomes sulfide saturated, the sulfide will concentrate
chalcophile elements and cause substantial reduction of
chalcophile elements in the silicate melt (e.g., Righter
et al. 2008a). Recent studies by Kiseeva and Wood
(2013) and Li and Aud�etat (2015) demonstrate the
magnitude of sulfide liquid/silicate liquid partition

coefficients for a wide range of chalcophile elements,
with Bi, Cu, and Ni having the highest partition
coefficients; Cd, Pb, and Co intermediate; and As, Mo,
Sn, and Sb relatively low.

Magmatic and Magma Ocean Degassing: A
potential mechanism for volatile loss on any
differentiated body with a magma ocean stage
(proposed for Earth, Moon, and Mars) is degassing of
the magma ocean, or a large magma body, which can
affect many elements. For example, the high d37Cl
measured in some urKREEP lunar samples suggests an
important role for metal-chloride degassing (Barnes
et al. 2016). Similarly, high dD and d52Zn values for
lunar materials suggest degassing played a role in
generating these fractionated values (Paniello et al.
2012; McCubbin et al. 2015). Because the VSE are
volatile by definition, they may be affected by degassing
processes; degassing potential is gauged by emanation
coefficients, which are known to be high for Re, Cd,

Fig. 4. A, B) Effect of temperature for Bi, Cd, In, and Sn utilizing both (A) the exchange coefficient lnKD or (B) the partition
coefficient D(metal/silicate) for the MgO capsule series. Also shown are the two 1700 °C experiments with higher metallic S
contents; these are plotted at 1690 °C for clarity and to avoid overlapping symbols. The effect of S is strong for Bi and Cd, but
small to negligible for In and Sn. C, D) Effect of temperature for Bi, Cd, In, and Sn utilizing both (C) the exchange coefficient
lnKD or (D) the partition coefficient D(metal/silicate) for the graphite capsule series (C-saturated). Most elements show a
decrease in both coefficients with increasing temperature, but Cd shows a slight increase. Data and associated error are from
Tables 1 and 2.
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and Bi, for example. It is well known from studies of
trace metals in volcanic gases that many VSE can be
concentrated in the gas phase (Rubin 1997; Norman
et al. 2004), with Bi and Cd being strongly concentrated
(emanation coefficients of 0.31 and 0.26, respectively),
and Sn and In being less strongly but nonetheless high
(emanation coefficients of 0.0012 and 0.0018,
respectively). The relative volatilities of these elements
were also confirmed by experiments of Norris and Wood
(2017) at the low oxygen fugacities relevant to melting
and differentiation in precursor bodies and protoplanets.
Even the refractory element Re can be volatile at
oxidizing conditions; Norman et al. (2004) suggested
that Cd/Dy and Re/Yb ratios plotted against S content
reveal significant magmatic degassing of Re and Cd (and
also Bi) in a suite of Hawaiian glasses (Fig. 7). However,
consideration of the extensive data set of Jenner et al.
(2012) for mid-ocean ridge basalt (MORB) glasses of
variable S content and degassing history reveals very
limited degassing of these elements (Fig. 7). Degassing
might account for concentration drops of 29 to 39 in
Cd and Bi contents. In and Sn, on the other hand, show
no evidence for degassing in the Jenner et al. (2012)
MORB suite, and show entire overlap in Sn-Sm trends
that are measured in subaerial terrestrial lavas (Fig. 7).

If a VSE were to be lost to a gas phase, it must also
be mobile in magmas. Diffusion studies of As, Sb, Cd,
Bi, and Pb have been carried out by MacKenzie and
Canil (2008) and Johnson and Canil (2011), and all five
of these elements have high diffusion coefficients that
would allow mobility under magmatic conditions.
However, detailed knowledge of many elements is
lacking and the relative potential for degassing (such as
emanation coefficients) is difficult to evaluate for all
elements considered here. These observations will be

applied to lunar and Martian basalt data in the Earth
section below.

The role of all these processes—precursor volatility,
core formation, sulfide segregation, and magmatic
volatility—must be assessed so that their effect on VSE
concentrations in Martian, lunar, or terrestrial basalt
can be interpreted. If a solid understanding exists of
these processes then mantle concentrations of VSE in
the Moon and Mars can be estimated using knowledge
of the geochemical behavior. Correlations between Bi-
Yb, Cd-Yb, In-Yb, Sn-Sm (VSE–RLE pairs) define
VSE depletions in Earth, Moon, and Mars, as we will
see in the discussions below.

Earth Mantle
Earth mantle concentrations of Bi, Cd, Sn, and In

are known from studies of mantle xenoliths and massifs.

Fig. 5. Effect of pressure on D(i) metal/silicate for eight
volatile siderophile elements. D(Cd) and D(In) metal/silicate
both show a slight decrease with pressure, but most elements
show no distinct trend within error of the partition coefficient
measurement. Error bars are in most cases smaller than the
symbol size.

Fig. 6. A) Onuma diagrams for olivine/melt partitioning
results for 3+ cations (As, In, Sb, and Bi) from this study, and
for those from Suzuki and Akaogi (1995) for Al, V, Sc, In,
and Tm, and Righter et al. (2009) for Sb. B) Onuma diagrams
for olivine/melt partitioning results for 2+ cations (Ge and Cd)
from this study, and for those from Suzuki and Akaogi (1995)
for Ni, Mg, Fe, Mn, and Ca (for samples PL-1 and PY-1).
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The concentrations in Earth’s primitive upper mantle
were most recently reviewed by Palme and O’Neill
(2014).

Moon Mantle
Because degassing has been proposed for many

lunar basalt suites, lunar basalts could represent
degassed magmas and thus undegassed mantle melts
might have higher Cd and Bi than what is measured in
surficial eruptive units. Examination of Cd/Dy and Bi/
Dy versus S (suggested by Norman et al. [2004] as an
indicator of extent of degassing) shows that lunar
basalts with the lowest S contents may have degassed
Cd and Bi by a factor of 5 from those at intermediate S

contents. The intermediate to high S content glasses
actually show a slight increase in Cd/Dy and Bi/Dy
with decreasing S content as do the Jenner et al. (2012)
MORB glasses which show that these two elements are
not affected by degassing at the higher S contents
(Fig. 7). Therefore, only the higher S content basalts
should be used to estimate the Cd and Bi content of the
lunar mantle. In and Sn, on the other hand, show no
evidence for degassing with lunar Sn and In in the low
S glasses contiguous with the high S glasses. This
suggests that lunar basalt In and Sn contents reflect the
undegassed mantle melts and have not been lowered by
degassing.

Using the trends defined by Cd-Yb, Bi-Yb, In-Yb,
and Sn-Sm in lunar basalts, it is possible to estimate the
mantle concentrations of these four elements in the
lunar mantle (see the Processes Responsible for
Depletions section). Our results are plotted in Fig. 1,
and are 0.3, 0.02, 1, and 6 ppb, respectively. Our
estimates for the lunar mantle are in good agreement
with those made by Taylor and Wieczorek (2014).
However, comparison to those of Hauri et al. (2015)
shows significant disagreement for Cd, Bi, and Sn. The
Hauri et al. (2015) lunar mantle estimates for these
three elements are a factor of 10–100 times higher than
ours (Fig. 7), due to the assumptions made by these
authors. Their mantle concentrations are based on a
reconstructed undegassed melt composition that is
hinged on S degassing coupled with analyses of a
volatile element-bearing surface coating. The Hauri
et al. (2015) estimates are based on the assumption that
the lunar basalt suites have degassed nearly 100% of
their volatile elements such as Bi, Cd, and Zn. It is our
contention, however, that if such high degassing rates
were real, Cd/Dy and Bi/Dy should be strongly
negatively correlated with sulfur, and such trends are
not observed (Fig. 7). Instead they suggest only
moderate degrees of degassing, similar to the terrestrial
glass suites from Hawai’i (Norman et al. 2004). In
addition, moderately volatile elements, like Ge and Ga,
should be more depleted if there were extensive
degassing, but they are not.

Mars Mantle
Degassing has also been proposed for many

Martian basalts, and Martian basalt could thus also
represent degassed magmas. Cd/Dy and Bi/Dy versus S
trends (again, suggested by Norman et al. [2004] as an
indicator of extent of degassing) shows that Martian
basalts with the lowest S contents may have degassed
Cd and Bi by a factor of five from those at intermediate
S contents. The intermediate to high S content glasses
show a slight increase in Cd/Dy and Bi/Dy with
decreasing S content as do the Jenner et al. (2012)

Fig. 7. Cd/Dy and Bi/Dy versus S for MORB glasses (Jenner
et al. 2012), Hawai’i glasses (Norman et al. 2004), lunar
basalts (Wolf et al. 1979), and Martian meteorites (Yang et al.
2015). Lunar glass bead of Hauri et al. (2015) is only available
for Cd/Dy versus S. Norman et al. (2004) identified degassing
trends shown for the lowest S samples in the Hawai’i suite.
Such behavior may be evident in the lunar and Martian
samples and thus may place limits on the extent of degassing.
The large extent of degassing implied by the Hauri et al.
(2015) reconstructed glass analysis seems at odds with the
other data for the Moon, and data for Earth and Mars.
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MORB glasses which show that these two elements are
not affected by degassing at the higher S contents.
Therefore, as with the lunar basalt suites, only the
higher S content basalts should be used to estimate the
Cd and Bi content of the Martian mantle. In and Sn,
on the other hand, show no evidence for degassing with
Martian Sn and In in the low S glasses contiguous with
the high S glasses. This suggests that Martian basalt In
and Sn contents reflect the undegassed mantle melts and
have not been lowered by degassing.

Using the trends defined by Cd-Yb, Bi-Yb, In-Yb,
and Sn-Sm, then, it is possible to estimate the mantle
concentrations of these four elements in the Martian
mantle. Our results are plotted in Fig. 1, and are 6, 0.3,
9, and 60 ppb, respectively. These concentrations
compare well with the estimates for Mars by Taylor
(2013) and Yang et al. (2015) (Table 6; Fig. 1).

Volatility Correction for Bulk Composition Estimates
Using these new mantle estimates combined with

previous work on terrestrial (Palme and O’Neill 2014),
lunar (Righter 2002), and Martian bulk composition
(Lodders and Fegley 1997), we can estimate the D(i)
metal/silicate required if the VSE contents are due to
core formation alone. However, because volatility
affects some of the elements, we first have to correct the
bulk compositions using the volatile lithophile elements
as a guide. For example, for Earth, Bi, Cd, In, and Sn
are all at low condensation temperatures (<800 K)
where the lithophile volatile elements are also depleted,
and this volatility must be accounted for (Fig. 8).
Accordingly, Bi, Cd, In, and Sn are lower in the bulk
Earth composition by a factor of 10, 10, 4, and 10,
respectively. We use the volatility correction of Righter
et al. (2017a, 2017b) for In, which utilizes a 50%
condensation temperature of 800 K instead of 536 K.
Similar corrections can be made for Mars using
Lodders and Fegley (1997) bulk Mars compositions,
and volatility corrections of 4, 5, 1.5, and 2, respectively
(Fig. 8B). The bulk Moon is taken as terrestrial upper
mantle and assuming a 4–59 volatile element depletion
of lunar material relative to Earth as shown by Taylor
and Wieczorek (2014) (Fig. 8C). All of these mantle,
bulk, and volatility corrections are summarized in
Table 6.

Metal-Silicate Partitioning

Regressions
Indium and Sn have been studied previously in some

detail (Table S1, section 4). The effects of temperature
and pressure were examined across a wide PT range and
the effect of S on D(In) and D(Sn) metal/silicate has been
determined (Righter and Drake 2000; Mann et al. 2009;

Ballhaus et al. 2013; Wang et al. 2016; Righter et al.
2017a,b). The effect of Si has only been measured for In,
and Si clearly causes a reduction in D(In). Cadmium has
been studied at the reconnaissance level by Ballhaus
et al. (2013) and Wang et al. (2016). There are no
previous partitioning data for Bi that we could find—our
results seem to be the first reported. All partitioning data
have been combined and regression was performed to
create predictive expressions for D(i) metal/silicate
according to this equation which has been derived
elsewhere (Righter et al. 2017a, 2017b; Table 7; Table
S1, section 5).

lnDðiÞ ¼ alnfO2 þ b=Tþ cP=Tþ ln ci þ g½nbo=T� þ h (1)

The a terms (lnfO2) in Table 7 are consistent with
Sn2+, In3+, and Cd2+, as expected and demonstrated
previously. Temperature causes an overall decrease in D
(i) metal/silicate. Pressure terms are positive, and thus
might be expected to cause increase in D(i) metal/
silicate, but pressure is coupled with the absolute lnfO2

such that increase in pressure is associated with increase
in fO2 which causes (especially for high valence
elements) a decrease in D(i). The activity coefficient of
each element, lnci, is calculated using the e interaction
parameter model of Righter et al. (2017a, 2017b) with
additional e interaction parameters and c0 values for Cd
and Sn added (Table S1, section 2). Use of a different
activity model for these elements yields similar results,
indicating the reliability of the activity calculations
(Table S1, section 3). Carbon and silicon dissolved in
Fe metallic liquid both cause a decrease in D for all
four of these elements. On the other hand, S causes all
to increase, consistent with the chalcophile behavior
traditionally assumed for these elements; Bi and Cd are
the most chalcophile, whereas Sn and In are weakly
chalcophile.

Application to Core Formation
Now having estimates for bulk composition, mantle

composition, and partition coefficients relevant to core
formation, we can interpret the cause of Bi, Cd, Sn, and
In contents of mantles. The partitioning expressions can
be combined with simple equilibrium differentiation
calculations to estimate the mantle concentrations after
core formation (from Righter et al. 2016):

Ci
LS ¼

Ci
bulk

x½ pþ ð1� pÞDi
SS=LS� þ ð1� xÞ½Di

LM=LS�
(2)

where x is the fraction of silicate, p is the fraction of
molten silicate, Ci

bulk is the bulk concentration
of siderophile element, Ci

LS is the concentration of

296 K. Righter et al.



siderophile element in the liquid silicate, Di
SS=LS is the

partition coefficient between solid silicate and liquid
silicate (<0.1 for all elements here), and Di

LM=LS (= D(i)
from Equation 1 here) is the partition coefficient
between LM and liquid silicate using the regression
coefficients in Table 7. For Earth calculations, x = 0.68
and p = 0.6; for Moon, x = 0.985 and p = 1.0; and for
Mars, x = 0.78 and p = 0.6 (from Righter 2011; Sharp
et al. 2015; Yang et al. 2015; respectively).

Earth
For Earth, melting during accretion to depths

corresponding to PT conditions of 40–60 GPa and
3500–4000 K causes lowering of D(i) metal/silicate for a
wide range of elements such as Ni, Co, Mo, W, As, Sb,
and Ge (Righter 2011; Siebert et al. 2011, 2013; Righter
et al. 2016). Following the approach of Righter et al.
(2017a, 2017b), the S, C, and Si content of the core
FeNi metal can be calculated as accretion proceeds with
increasing pressure and temperature and fO2 changing
from reduced to oxidized (IW�4 to IW�2). The core
composition (Fe, Ni, S, C, and Si) can then be used to
calculate the activity coefficient and thus D(metal/
silicate) for the VSE using Equation 1. Coupling the
calculated values of D(Cd), D(Sn), and D(In) metal/

silicate with Equation 2, and assuming metal-silicate
equilibration occurs rapidly during rainfall through the
mantle (Kendall and Melosh 2016) allow calculation of
the mantle concentrations of Bi, Cd, In, and Sn. Note
that these values are assuming and corrected for volatile
element depletion. The calculated values of Cd, Sn, and
In approach those measured in the Earth’s mantle at
higher PT conditions (Fig. 9), and suggest that the
concentrations of these three volatile elements could
have been established in the mantle by early metal-
silicate equilibrium. There is not enough D(Bi) metal/
silicate data to calculate D(Bi) metal/silicate at these
high PT conditions, but our results show that D(Bi)
metal/silicate is lowered at high temperatures to values
~5.0 which would be needed if Bi content of mantle was
due only to metal-silicate equilibrium (Fig. 4).

Hadean Matte?: The origin of sulfur and other
chalcophile elements in the Earth’s mantle has been
debated for some time. One hypothesis is the low S
content of 250 ppm was established by segregation of a
sulfide matte from the mantle into the core after the
Hadean Earth had differentiated (Arculus and Delano
1981; O’Neill 1991). Accumulation and evaluation of
high-PT metal-silicate partitioning for S has led to the
possibility that S content is due to equilibration of

Table 6. Bulk, mantle, and volatility values for calculations.

Starting comp. Volatility Bulk (ppb) Mantle (ppb) this study Mantle (ppb) literature

Earth CI Palme and O’Neill (2014)
Bi 110 (10) 10 11.0 3 (1) 3 (1)

Cd 674 (47) 10 67.4 35 (7) 35 (7)
In 77.8 (3.9) 4 19.5 19 (4) 19 (4)
Sn 1630 (245) 10 163 140 (15) 140 (15)

Yb 0.169 (5) – 0.169 0.477 (48) 0.477 (48)
Dy 0.256 (7) – 0.256 0.724 (72) 0.724 (72)
Sm 0.154 (5) – 0.154 0.435 (44) 0.435 (44)

Mars Lodders and
Fegley (1997)

Taylor (2013)

Bi 25 4 6.25 0.3 (0.15/1.1) 0.6
Cd 80 5 16 10 (3/15) 9.6

In 16 1.5 10.6 9 (4/20) 6.9
Sn 915 2 457.5 60 (15/100) 38.5
Yb 0.22 – 0.22 0.308 0.308

Dy 0.36 – 0.36 0.45 0.45
Sm 0.20 – 0.20 0.274 0.274
Moon Earth PUM Hauri et al. (2015)/Taylor and

Wieczorek (2014)

Hauri 74220

Bi 3 (1) 4 0.75 0.02 (0.01/0.08) 0.22/0.02
Cd 35 (7) 4 5 0.3 (0.15/0.9) 11.7/0.31 149
In 19 (4) 4 4.75 1 (0.7/2.5) 1.6/– 15

Sn 140 (15) 4 35 6 (2/10) 39/–
Yb 0.477 (48) – 0.477 0.463/0.477 0.463/0.477 5
Dy 0.724 (72) – 0.724 0.705/0.724 0.705/0.724 10

Sm 0.435 (44) – 0.435 0.425/0.435 0.425/0.435 7
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metal and silicate in a deep magma ocean (Boujibar
et al. 2014), but debate continues (Ballhaus et al. 2017).
Some recent constraints on a sulfide matte were
provided by the highly siderophile elements (with D
sulfide/silicate ~10,000), and suggest that segregation of
1–2% of sulfide can lower HSE concentrations in
primitive mantle to values observed today. Because all
elements studied here are considered chalcophile (Wood
et al. 2014; this study), they might also be useful in
evaluating these and other models. Removal of 1–2%

sulfide would reduce the Bi content of the mantle by a
factor of 2, and Cd, Sn, and In even less. So, even
though these elements are all chalcophile, their
concentrations will be mostly insensitive to sulfide
fractionation. Bi, Cu, and Ni all with D(sulfide/silicate)
near 1000–2000 will be affected most and should be the
focus of future modeling efforts, along with the HSE.
Additionally, dissolved Si in core-forming liquids has a
stronger and opposite effect than dissolved S for many
chalcophile elements (In, Sb, and As) and must be
carefully quantified together with the role of sulfide.

Wang et al. (2016) stated that In is always more
siderophile than Cd and Zn, and thus that the
depletions of In, Cd, and Zn must have an explanation
other than core formation. However, there are two
aspects of these elements to bear in mind. First, the
Wang et al. (2016) interpretation hinges on the value of
the In 50% condensation temperature. A metal-based
value is near 536 K (e.g., Palme and O’Neill 2014),
while a sulfide-based value is near 800 K (Righter et al.
2017a). The latter would make the D(In) and D(Zn)
metal/silicate required for equilibrium to be about the
same and <1. Second, D(In) metal/silicate can actually
be lower than D(Cd) for metallic Fe liquids with high S
content, which is observed here and in the studies of
Wood et al. (2014) and Kiseeva and Wood (2013). On
the other hand, dissolved Si reduces D(In) greater than
for D(Cd) and D(Zn) metal/silicate (Righter et al.
2017a, 2017b). Thus, the combination of a S- and Si-
bearing metallic core will drive D(In) lower and D(Cd)
higher. Resolution of the degree of siderophility of D
(In), D(Zn), and D(Cd) metal/silicate for terrestrial core

Fig. 8. A) Concentrations of siderophile elements in the
terrestrial primitive upper mantle, relative to CI chondrites,
plotted against 50% condensation temperature for the metal
(modified from Righter et al. 2017a, 2017b). Depletions of
volatile siderophile elements are due in part to volatility, as
shown by the region between dashed lines. In, Bi, Sn, and Cd
plot within or below the volatility trend indicating that a
further depletion is likely due to core formation. Volatility
corrections for Bi, Cd, In, and Sn are 10, 10, 4, and 10,
respectively, based on this figure and the discussions in the
text. B) Estimates for the primitive Martian mantle for
siderophile compared to lithophile elements. Note that Zn and
In are roughly aligned with the trend of lithophile volatile
elements Li, Na, Cs, and Rb, suggesting no significant
partitioning into the core, while Bi, Cd, and Sn are all much
lower than this lithophile volatile element trend. Bulk Mars
data from Lodders and Fegley (1997), and mantle estimates
from Yang et al. (2015) and Taylor (2013). C) Depletion of
Li, Na, K, Rb, and Cs in the lunar mantle relative to the
terrestrial mantle illustrating the overall depletion of the
Moon in volatile elements. Data from Taylor and Wieczorek
(2014), Warren (2005), and Taylor (1982), normalized to
terrestrial PUM values of Palme and O’Neill (2014).
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formation conditions depends on how much S and Si
are in the core—a topic of active debate (Labidi et al.
2013; Badro et al. 2015; Savage et al. 2015), and will
benefit from additional studies.

Mars
For Mars, previous work on core formation has

shown that the siderophile element abundances may
have been set by metal-silicate equilibrium in an
intermediate depth magma ocean near 14 GPa and
2400 K (Righter and Chabot 2011; Rai and Van
Westrenen 2013; Yang et al. 2015). As with the Earth,
one can calculate the S, C, and Si content of the
metallic FeNi core during the accretion of Mars, and
thus calculate the activity coefficient for each element.
For Mars, the core composition is more S-rich than
Earth, and does not contain significant Si, due to the
lower pressures and higher fO2 of the Martian interior.
Combining Equations 1 and 2 then one calculates
mantle concentrations of Cd, Sn, and In that approach
the Mars mantle values estimated by Taylor (2013)
(Fig. 10). There is not enough D(Bi) metal/silicate data
to calculate D(Bi) metal/silicate at these PT conditions
for Mars, but our data show that D(Bi) is expected to
be ~100 at 2000 °C and for a 10% S core expected for
Mars (Fig. 4). This is not dissimilar to D(Bi) metal/
silicate = 91 implied by the mantle and bulk
composition estimates for Mars (Table 6). Thus, the
concentrations of these four VSE could have been
established in the mantle by early metal-silicate
equilibrium for Mars, too.

Moon
For Moon, there is some uncertainty as discussed in

the Moon Mantle section above, due to interpretation
of depletions. If core formation took place at 2100 °C,
4 GPa, at IW�2 for lunar mantle composition and
S- and C-poor core, we can calculate D(In), D(Cd),
D(Sn) metal/silicate, and estimate D(Bi) metal/silicate
based on our results here. The resulting mantle
concentrations of Cd, Sn, In, and Bi are generally
higher than those derived from Apollo samples

(Figs. 11A and 11B). The Hauri et al. (2015) lunar
mantle estimates have the same overall shape of
concentrations, but Cd, In, Zn, and especially Bi are all
lower, while Sn is higher than the calculated postcore
formation mantle (Fig. 11A). The lunar mantle
estimates derived here and by Taylor and Wieczorek
(2014) also have the same overall shape of
concentrations, but all five of these highly volatile
elements are lower than expected from core formation
(Fig. 11B). In fact the depletions can only be matched
using D metal/silicate values that are orders of
magnitude higher than any that have been measured in
the laboratory. For example, compare D(Bi) metal/
silicate = 10,000, D(Sn) metal/silicate = 412, D(In)
metal/silicate = 200, and D(Cd) metal/silicate = 3700, to
those values measured experimentally in Fig. 4. In this
latter case, it is clear that an additional explanation or
mechanism is required to explain the rest of the
depletion—core formation only explains part of the
mantle depletion. In both cases, the calculated values
mimic the depletions observed, but offset to higher
concentrations. This suggests the depletions have a link
to the degree of siderophility.

What is the explanation for the additional
depletions? We will consider two possibilities here—that
the elemental trends examined for lunar samples lead to
erroneous mantle concentrations, or that the estimates
of the highly volatile element concentrations in the bulk
Moon are erroneously high.

Maybe the use of the basalt trends are leading to an
incorrect mantle value due to larger amounts of
magmatic degassing than indicated by the trace element
variations. Hauri et al. (2015) suggested that degassing
rates for many volatile elements (Zn, In, and S) are very
high—some even 98–100%. However, these high
degassing rates are not supported by a number of
different views. First, S elemental and isotopic analyses
indicate degassing is limited to 50% at most, and
usually less (Wing and Farquhar 2015). Second,
evidence from the lunar S-Cd, S-Bi (Fig. 7 and also see
McCubbin et al. 2015), and S-In indicates that lunar
degassing is limited and not as severe as the Hauri et al.

Table 7. Regression coefficients for Sn, Cd, In, and Zn (for use in Equation 1 in table note).

Element a b c g h r2 2r N References

Sn �0.75 (6) �47300 (4000) 850 (200) +0.27 (17) +11.9 (2.5) 0.86 1.20 93 1,2,5,6,7,8
In �1.07 (21) �75900 (15500) 1336 (290) +0.09 (4) +20.7 (5.0) 0.61 0.90 60 1,2,3,9,10

Cd �0.69 (9) �45500 (6700) 848 (120) +0.09 (8) +9.8 (2.2) 0.88 0.73 41 1,2,3,4
Zn �0.76 (6) �48650 (4500) 890 (90) +0.16 (9) +6.78 (1.4) 0.81 0.61 95 Sources in 11

1—This study; 2—Ballhaus et al. (2013); 3—Wang et al. (2016); 4—Wood et al. (2014); 5—Capobianco et al. (1999); 6—Righter and Drake

(2000); 7—Righter et al. (2008a, 2008b); 8—Righter et al. (2010); 9—Mann et al. (2009); 10—Righter et al. (2017a, 2017b); 11—Yang et al.

(2015).

Equation (1): lnD(i) = alnfO2 + b/T + cP/T + lnci + g[nbo/t] + h.
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Fig. 9. Evolution of Earth’s mantle In, Cd, and Sn as
accretion proceeds for two different scenarios: accretion with
fO2 nearly constant (open circles), and fO2 increasing from
IW�4 to IW�2 (closed circles); PT curve for calculations is
along peridotite liquidus of Fiquet et al. (2010). Horizontal
gray bands and solid lines represent terrestrial primitive upper
mantle values (and associated uncertainty) for each element,
from Table 6. Error bars on the calculated values include 2r
error from the partitioning regressions (Table 7), as well as
uncertainty from the volatility correction for the bulk Earth
concentrations; one typical error bar is shown to maximize
clarity in presentation. Changing Fe metallic liquid
composition has a large effect on the activity coefficients of
Cd, In, and Sn in Fe metallic liquids. The final core
composition for this second model is 10.2% Si, 2% S, and
1.1% C (or XSi = 0.18, XS = 0.03, and XC = 0.04).

Fig. 10. Comparison of In, Sn, and Cd abundances in the
Martian mantle (horizontal gray band and solid line) to core
formation model results (solid circles) plotted as a function of
pressure (GPa) and temperature (K). Using the regressions
derived for In, Sn, and Cd from Table 7, we can examine the
evolution of the composition of Mars’ mantle during accretion to
compare to the Martian mantle estimates. Error bars on the
calculated values include 2r error from the partitioning
regressions (Table 7), as well as uncertainty from the volatility
correction for the bulk Mars concentrations; one typical error
bar is shown to maximize clarity in presentation. Calculations
have been carried out along the PT conditions of the liquidus for
the Martian magma ocean (from Yang et al. 2015), using the
bulk mantle composition of Longhi et al. (1992), metallic liquid
with XS = 0.05 and XC = 0.12, oxygen fugacity of DIW = �1.5,
and assuming equilibration during the accretion steps. Also
shown along the bottom of each panel is the range of pressures at
which other siderophile elements (Ni, Co, Mo, W, P, Mn, Cr, V,
and HSE) can be explained by equilibrium partitioning as well
(Righter and Chabot 2011; Righter et al. 2015; Yang et al. 2015).
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(2015) estimates, which are based on one glass bead
analysis. Third, there is no apparent correlation between
diffusion and mobility measured experimentally
(MacKenzie and Canil 2008; Johnson and Canil 2011)
and the degree of depletion. For example, at 1200 °C, Cd
and As have higher diffusion coefficients than Bi or Pb

(e.g., MacKenzie and Canil 2008), yet Bi has a larger
depletion. If magmatic degassing were a widespread and
common process, suites of basalts should show abundant
evidence for degassing, but they do not.

Maybe the bulk Moon VSE estimates are incorrect?
The BSE composition is well known and the
assumption of similarity of the composition of the
Moon to Earth is supported by a number of important
observations including refractory (Ca, Ti, Mg, and Si)
and oxygen isotopes (Simon and DePaolo 2010; Zhang
et al. 2012; Dauphas et al. 2014; Herwartz et al. 2014;
Young et al. 2016). The consistent finding that the
Moon is depleted in moderately volatile elements
relative to the Earth by a factor of 4–5 seems robust
and is supported by a wide range of lithophile elements,
Li, Na, K, Rb, and Cs (Fig. 8C), and even some
moderately VSE such as Ge and Sb (Righter et al. 2009,
2011). But there is no reason a priori why the Moon
should also be depleted to this same level for the highly
volatile elements. It seems reasonable and likely that the
Moon is depleted in highly volatile elements to a greater
extent than the moderately volatile elements and that
this could have occurred during the giant impact event.
Future work on the origin of lunar volatiles should
perhaps focus on distinguishing these classes of elements
rather than focusing on one or the other.

In summary, explanations for the lunar VSE
include two possibilities, i.e., (1) accepting the Hauri
et al. (2015) bulk silicate Moon concentrations, which
leads to the conclusion that moderately and some of the
highly volatile elements are consistent with core
formation plus volatility inherited from Earth and giant
impact (Sb, Ge, Ga, Zn, In, and Cd), but Sn is too high
and Bi is too low; or (2) accepting the bulk silicate
Moon concentrations derived here and by Taylor and
Wieczorek (2014), which leads to the possibility that the
moderately (Sb, Ge, and Ga), but none of the highly
volatile elements are consistent with core formation plus
volatility inherited from Earth and the giant impact.
Cd, In, Zn, Sn, and Bi would all require an additional
depletion that may be caused by and occurred during
the giant impact. Regardless of which hypothesis is
correct, relative patterns reflect a core formation event
because the severity of the depletion is correlated with
the magnitude of the metal/silicate partition coefficient.

CONCLUSIONS

High temperatures during metal segregation can
reduce the magnitude of D(Bi, Sn, and In) metal/silicate
and lnKD (Fe-M exchange coefficient). D(Cd) and lnKD

(Fe-Cd), on the other hand, slightly increase across the
same temperature range. The effect of pressure was
studied in the range relevant to the Moon and found to

Fig. 11. A) Concentrations of volatile elements Cd, In, Sn, Bi,
and Zn in the bulk silicate Moon from Hauri et al. (2015)
(black circles), compared to bulk silicate Moon calculated
after segregation of a small lunar core using partitioning data
(open circles). B) Concentrations of volatile elements Cd, In,
Sn, Bi, and Zn in the bulk silicate Moon from Taylor and
Wieczorek (2014) compared to bulk silicate Moon calculated
after segregation of a small lunar core using partitioning data
(open circles). For the calculated values, the bulk Moon has
primitive terrestrial upper mantle composition, and a 1.5
mass% core. The calculated postcore formation mantle
concentrations are generally higher than those derived by
Taylor and Wieczorek (2014), whereas they compare well with
Cd, In, and Zn bulk silicate Moon derived by Hauri et al.
(2015), but Bi is lower and Sn is higher. See text for additional
discussion. Error bars on the calculated values include 2r
error from the partitioning regressions (Table 7), as well as
uncertainty from the volatility correction for the bulk Moon
concentrations.
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be minimal. The effect of S and C has also been
investigated with S exhibiting an overall increase in D
(Bi) and D(Cd) metal/silicate, and only a weak increase
for D(Sn) and D(In) metal/silicate. Carbon appears to
decrease D(i) metal/silicate for all four elements. Sulfur
and C are only two representatives of what may be
several other light elements in the core and thus
comprise a partial understanding of the effect of metal
composition. The role of Si and O on metal/silicate
partitioning of all four elements will be important to
quantify in future studies. Combination of our data
with data from the literature shows the effects of P, T,
fO2, and composition, and allows application to
interpretation of depletions of Bi, Cd, In, and Sn, in
mantles of the Earth, Moon, and Mars. Earth and
Mars mantle contents can be explained by metal-silicate
equilibrium, whereas lunar mantle contents are more
severely depleted than expected from core formation
alone. The additional depletions may have been caused
by volatile loss during the giant impact, or magma
ocean degassing.
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SUPPORTING INFORMATION

Additional supporting information may be found in
the online version of this article:

Table S1: Comparison of standards analyzed as
unknowns, utilized in LA-ICP-MS analysis at Rice and
University of Houston (all measurements in ppm).
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