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Lunar basalts are more reduced than their terrestrial counterparts, often containing native
metal, suggesting a similarly reduced, possibly metal-saturated lunar mantle. However,
whether determined oxygen fugacities (fO2) accurately reflect mantle conditions remains
debated. Processes like H-implantation and CO-degassing during eruption may locally reduce
samples, leading to underestimation of fO2 and implying more oxidizing mantle conditions
than sample chemistries would suggest. Additionally, correlations between siderophile and
chalcophile elements (e.g., W, Cu) and incompatible elements (e.g., U, Yb) seemingly
contradict metal presence in mare basalt sources. Yet, the median lunar interior fO2 suggests
residual Fe-bearing metal stabilization during mantle melting. We review evidence for and
against residual metal in the lunar mantle and its implications. Equilibrium thermodynamics
supports metal saturation at fO2 levels of IW −1 or lower if metal contains ∼10 wt% S.
To test this, we conducted experiments at ∼1500 °C and 1.5 GPa on highly siderophile
elements (Pt, Pd, Rh, Os, Ir, Re), W, and Mo, as well as an experiment at 4.5 GPa and
1900 °C to simulate lunar core-lunar magma ocean equilibrium. Our results show that the
low siderophile element abundances in mare basalts are consistent with partial melting of a
lunar mantle both saturated in ∼0.1 wt% Fe-Ni-S metallic melt and previously depleted in
siderophile elements due to core formation.

1 Introduction

After the first samples were brought back from the Apollo
lunar landing missions, one of their most surprising and
idiosyncratic features was the fact that they often con-
tained native Fe-metal. The presence of Fe-metal in lunar
samples presumably places oxygen fugacity (fO2) during
mare basalt crystallization below the Fe-FeO (IW) redox
buffer, in direct contrast to the vast majority of terres-
trial magmatic rocks, which typically result from partial
melting at redox conditions up to 100,000 times more
oxidized (cf. Wadhwa, 2008). The presence of native metal
in lunar samples, coupled with their overall depletion in
siderophile (i.e. iron loving) elements, led early researchers
to conclude that lunar mantle sources must themselves be
metal-saturated (Wolf and Anders, 1980; Newsom, 1986).
However, this possibility has been the subject of much
debate. For example, several secondary processes have been
invoked to explain the presence of metal in lunar samples,
including local reduction due to H implantation by solar
wind (DesMarais et al., 1974; Taylor et al., 2004), and
via the degassing of carbon and sulfur during mare basalt

eruption (Sato, 1978). For example, Taylor et al. (2004)
have shown that solar wind implantation of hydrogen into
a high-Al basalt sample recovered during the Apollo 14
mission (14053), has resulted in “extreme reduction”. Such
evidence of local reduction includes the conversion of fayalite
into tridymite plus native metal, and the identification of
exsolution lamellae of ilmenite in ülvospinel. Sato (1978)
pointed out that a redox exchange between C and Fe species
in lunar samples leads to a reduction in fO2 during lunar
volcanism until it is buffered by the presence of Fe metal,
following redox exchanges like those seen below:

FeO + C = Fe + CO (1)

2FeO + C = 2Fe + CO2 (2)

Indeed, lunar samples have been shown to contain
40–300 µg g−1 of C (Moore and Schilling, 1973; Moore
et al., 1973; Wetzel et al., 2015), the degassing of which
could have led to the reduction of lunar lavas. Recently,
Day (2018) waded into this debate by pointing out that
silicate melts produced via partial melting of metal- or
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sulfide-saturated lunar mantle sources would be expected
to develop supra-chondritic Re/Os, due to differences in
the metal/silicate or sulfide/silicate partition coefficients
for both elements. Consequently, lunar mare basalts
should have developed radiogenic and suprachondritic
187Os/188Os. However, the most primitive high-MgO
mare basalts have chondritic relative abundances of the
HSE, and measured 187Os/188Os falls within the range
seen in chondrites (0.1265 to 0.1345; Day et al., 2007;
Day and Walker, 2015). Day (2018) also argued that
the presence of residual metal and sulfide in lunar mantle
sources should have resulted measurable fractionations
between siderophile and chalcophile elements like W and
Cu and similarly incompatible lithophile elements like
U, Th and Yb. However, Day (2018) noted that these
elements correlate similarly in lunar basalts as they do in
terrestrial oceanic basalts (Fig. 1). This led Day (2018)
to conclude that the lunar mantle is unlikely to be metal-
or sulfide-saturated, and that the presence of metal in
some lunar basalts is incidental and likely the result of
secondary and localized reduction processes, and/or the
assimilation of reduced regolith by lunar basalts. Moreover,
Steenstra et al. (2018) and Ding et al. (2018), based
on the experimental determination of the sulfur content
at sulfide saturation (SCSS) of synthetic mare basalts,
and in the case of the former also Ni and Co systematics
of mare basalts, have suggested that the lunar mantle is
unlikely to be saturated in a sulfide liquid (i.e. molar Fe/S
∼1). They reached this conclusion because sulfur contents
of undegassed melt inclusions in mare basalt olivines are
lower than their determined SCSS, indicating lunar mantle
sources could not have been saturated in a sulfide phase.

The potential presence or absence of residual metal
in lunar mantle sources has obvious implications to our
interpretation of siderophile element systematics in lunar
basalts. Even though the presence of metal in lunar mantle
sources is consistent with the overall observation that lunar
mare basalts are siderophile element depleted (Wolf and
Anders, 1980; Newsom, 1986), the issues raised by Day
(2018), Ding et al. (2018), Steenstra et al. (2018) and
others have merit and need sober examination. The aim
of this manuscript is to address four key questions: 1) Are
the fO2 derived from lunar basalts representative of their
sources? 2) If so, are these fO2 compatible with the notion
that lunar mantle sources are metal-saturated? 3) What
sort of compositions would one expect this residual metal
to have? 4) What are the implications of the presence of
residual metal in lunar mantle sources? To address these
questions, we will outline the case for residual metal in
the lunar mantle. Assuming its presence, we conducted
experiments investigating the partitioning behavior of Mo,
W, Ru, Os, Ir, Rh, Pt, Pd, and Re between metal and a
synthetic low-Ti mare basalt modeled after low Ti basalt
12005 (Dungan and Brown, 1977). Our goal was to
generate partitioning data relevant to lunar mare basalt
petrogenesis. These data inform our models on whether
the presence of residual metal in lunar mantle sources aligns

with present-day siderophile element abundances observed
in primitive low-Ti mare basalts.

2 Arguments for and against the presence of
metal in lunar mantle sources

As mentioned, the notion of widespread Fe-metal saturation
in the lunar mantle raises several important concerns (Day,
2018) but there is also plenty of evidence that support the
possibility that the lunar mantle is to some extent metal-
saturated, as recorded in geochemical features of lunar mare
basalts. One factor to consider, is that secondary reduction
processes identified in lunar samples may not be as pervasive
as previously thought. For example, Taylor et al. (2004),
in their study of the ultra-reduced Apollo 14 high-Al basalt
mentioned above, noted that the extreme reduction seen in
this sample is largely restricted to the mesostasis found in
the outermost part of this 250 g sample. Indeed, solar wind
implantation appears to be superficial at best (first 100 nm)
and sees large diurnal variations, especially around lunar
equatorial regions where most mare basalt samples have
been recovered (Farrell et al., 2015). This means that the
wholesale reduction of a mare basalt via the assimilation of
regolith that sustained H-implantation is likely limited due to
the small amount reduced material being assimilated. Also,
Taylor et al. (2004) pointed out that the Fe metal seen
in sample 14053 does not have the appearance of primary
native Fe metal found in other lunar mare basalt samples,
which typically occur as roundish grains (cf. Dickey Jr, 1970;
Dungan and Brown, 1977; Day and Paquet, 2021), and
are thus likely to consist of primary phases. On the issue
of reduction by C degassing (i.e. CO), C has such a large
reduction capacity (Equations 1 and 2) that the reduction
of small amounts of FeO, Cr2O3 and TiO2 by C produces
CO gas in high enough abundance to drive the pyroclastic
eruptions in the lunar surface (see Rutherford et al., 2017,
and references therein). This reduction process is thus
not anticipated to result in a dramatic shift in the redox
condition of the original magma (Wadhwa, 2008), mainly
because the amount of C available is too small to reduce a
high enough proportion of very abundant FeO in primitive
lunar melts (cf. Wetzel et al., 2015). Moreover, Sato (1978)
also noted that H-degassing of lunar samples would drive
their relative fO2 to higher values, offsetting somewhat
the prior reduction by C. Likewise, degassing of sulfur will
either oxidize or reduce a silicate melt, depending on the
dominant sulfur gas species (i.e. H2S or SO2; Métrich
et al., 2009). During lunar magmatism, where reduced S
species are expected to dominate, even though only minor S-
degassing is expected (Gaillard et al., 2011), H2S degassing
would lead to the oxidation of the magma (Métrich et al.,
2009). Note that we are not arguing that degassing-related
reduction processes have not affected lunar basalt samples
samples, but rather that they probably are not able to
dramatically shift the fO2 associated with the formation of
lunar mare basalts (Wadhwa, 2008).

Day (2018) also pointed out that the chondritic Os
isotopic composition of primitive low-Ti mare basalts and
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Figure 1. Correlation between W and U in lunar samples.
(a) Correlation of W and U using data from lunar
meteorites (black circles; Day, 2018), superimposed with
W and U data from the lunar sample compendium (figure
modified after Day, 2018). (b) Correlation between W and
U using high-precision isotope dilution data from Thiemens
et al. (2019) compared to similar correlations using data
from Day (2018) for lunar and terrestrial W/U. Note that
the lunar W/U reference line, as constrained by the
dataset of Thiemens et al. (2019), is clearly more
fractionated compared to both the terrestrial reference line
and that constrained by the lunar data from Day (2018).

their broadly chondritic HSE values are inconsistent with
metal-saturation in their sources. However, the Os isotope
composition of the basalts can be easily explained by as-
similation of lunar regolith that has experienced meteoritic
contamination (Brenan et al., 2019). Assimilation of less
than 1 % of HSE-rich lunar regolith by a lunar basalt will not
affect the abundances of moderately siderophile elements
like Ni, Co and W, but it will undoubtedly lead to a large
increase in its HSE concentrations. Regolith assimilation
will also introduce a chondritic Os isotope composition to
the erstwhile Os-depleted mare basalts (cf. Brenan et al.,
2019). As such, the argument that the chondritic HSE
abundances and Os isotope composition of mare basalts is
inconsistent with metal-saturation in lunar mantle sources is
perhaps flawed. There is also evidence for the fractionation
of W and Mo from U and Th in the lunar mantle. Several

studies have pointed out that W is more compatible than U
and Th during lunar mantle melting (Palme and Rammensee,
1982; Palme and Wänke, 1975). Day (2018) questioned
this conclusion by pointing out that W and U are similarly
correlated in primitive unfractionated lunar basalts as they
are for terrestrial oceanic basalts (Figure 1a). However, Day
(2018) did not use the bulk of data from the lunar sample
compendium in their comparison, and a more thorough
examination of such data reveals not only much scatter,
but also some evidence of W depletion relative to U, as
would be expected if partial melting took place under metal-
saturated conditions. This point is reinforced by Thiemens
et al. (2019), who based on high-precision isotope dilution
data, noted that mare basalts display fractionated U/W and
Th/W compared to terrestrial basalts (Figure 1b), which
they concluded was likely due to W being retained in lunar
mantle sources relative to U and Th. Moreover, Fonseca
et al. (2014) and Leitzke et al. (2016), based on their
experimental mineral/melt partitioning data, noted that W
behaves slightly more compatible than U and Th under the
reducing conditions (around IW −1) thought to be prevalent
during lunar mantle melting. When these authors combined
their experimental datasets with trace element data from
the lunar sample compendium, they could reproduce lunar
trends in U/W (and U/Th) vs. Hf/W space. To do this,
Fonseca et al. (2014) and Leitzke et al. (2016) assumed
partial melting of lunar mantle cumulates under reducing
conditions (between IW −1 and IW −1.5), and in the case
of high-Ti basalts with partial melting in the presence of
residual metal and ilmenite. The Mo/W ratio of lunar
basalts (∼0.1; Newson, 1995; O’Neill, 1991) is much lower
than that of terrestrial basalts (BSE ∼ 2.4; Palme and
O’Neill, 2014; Liang et al., 2017). Based on experimental
partitioning data, Leitzke et al. (2017) proposed that Mo is
more compatible than W during partial melting of the lunar
mantle. This is attributed to two factors: the presence of
residual metal in the mantle source and the predominance
of the more compatible Mo4+ oxidation state under lunar
conditions, in contrast to the more incompatible Mo6+

species prevalent in terrestrial magmatism (e.g., Holzheid
et al., 1994; Danielson et al., 2011). Leitzke et al. (2017)
obtained the best fit to natural Mo/Hf vs. Hf/W data using
model basalt compositions generated by partial fractional
melting of lunar mantle cumulates – originally crystallized
from a BSE-like lunar magma ocean – under reducing
conditions (IW −1.5) and in the presence of residual metal.

It is important to note that the notion implying that
residual metal during partial melting would automatically
make W behave like a compatible element is perhaps a
misconception. Tungsten has overall lower metal/silicate-
melt partition coefficients (literature values range between
7–100 with a mode of 30) compared to elements like Mo
(ca. 200–300, see compilation by Rai and van Westrenen,
2014). The issue becomes exacerbated when the metal
phase includes lighter elements like S or C in it, which drives
Dmetal/melt

W to even lower values (cf. Wade et al., 2012;
Steenstra et al., 2017). In terms of mass balance, residual
metal, if present in lunar mantle sources, has a much smaller
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contribution to the bulk partitioning behavior of W during
partial melting when compared to silicates. This, coupled
with the fact that W is highly incompatible in all mantle
silicates and oxides (Dmineral/melt

W between 10−3 and 10−5; see
Adam and Green, 2006; Fonseca et al., 2014; Leitzke et al.,
2016, 2017) means that the bulk partitioning behavior of W
during lunar mantle melting is still that of an incompatible
element, albeit to a lesser extent when compared to partial
melting of Earth’s mantle. This explains why W is still
correlated with traditionally incompatible elements like U,
Th, and La in lunar samples (Palme and Wänke, 1975),
even if ratios between these elements appear to be more
fractionated than in their terrestrial counterparts. A similar
argument was made by Brenan et al. (2019), who pointed
out that small amounts of metal and/or sulfide in lunar
mantle sources would only be expected to impact those
elements that are very chalcophile and/or siderophile, like
the highly siderophile elements (HSE).

Several other characteristics of lunar basalts support
the assertion that their mantle sources are reduced and
may be metal-saturated. For example, the low Ni and Cr
abundances of lunar basalts indicate that mantle melting
took place at reducing conditions, between IW −1 and IW −2
(Jones, 2004; Delano, 1990). Similarly, Steele et al. (1992),
in their study of Apollo 15 green glasses, proposed an oxygen
fugacity for these glasses of ∼IW −2, based on the Ni and
Co content of these glasses. Indeed, this expectation is
reinforced by the observation that olivines in lunar basalts
are depleted in these elements by a factor of over ten to
a hundred when compared to their terrestrial counterparts,
which cannot be reconciled by secondary processes at the
lunar surface. Apollo 17 (high-Ti) olivines are especially
depleted, with Ni contents of around 30 µg g−1 (Karner
et al., 2003). By contrast, olivines found in mid-ocean ridge
basalts typically have ca. 2000–3000 µg g−1 Ni even though
their sources are sulfide-saturated (cf. Li et al., 2003).
The Ni depletion in lunar olivines would be consistent with
the retention of this element in a residual metal phase
present in the lunar mantle. Interestingly, lunar olivine is
V-rich compared to terrestrial olivines (Karner et al., 2006).
Under more reducing conditions around the canonical mantle
fO2 of IW −1, V is predominantly trivalent, and becomes
compatible into olivine (cf. Mallmann and O’Neill, 2009),
which is entirely consistent with a reduced lunar mantle.
Sutton et al. (1993) also identified the predominance of Cr2+

using X-ray absorption near edge spectroscopy (XANES)
in lunar olivines from a low-Ti basalt sample (15555),
which led them to conclude the olivine crystallized from
a parental magma that had almost exclusively divalent
Cr (i.e. easier to achieve at lower fO2). Importantly,
mineral/melt partitioning behavior is not expected to be
affected by local processes like solar wind implantation of
H, or by degassing of C. Moreover, neither process should
affect the XANES valence determinations of V in olivine-
hosted glass inclusions like those reported by Karner et al.
(2006), given that these trace elements are hosted in glass
surrounded, and thus protected by their olivine hosts. Based
on these XANES data, Karner et al. (2006) suggested that

most lunar basalts formed at fO2 conditions between IW −1
and IW −2. A recent study by Zhang et al. (2024), who
carried out V in spinel and olivine oxybarometry on samples
from the Chang’e-5 lunar mission, concluded that the lunar
mantle has likely experienced long-term reduction with an
average fO2 of IW −0.84 ± 0.65, well within uncertainty of
the canonical value of IW −1 (Wadhwa, 2008).

Another line of evidence for a reduced lunar mantle
is related to the oxidation state of Ti in lunar samples
and their minerals. Titanium is exclusively tetravalent
in terrestrial samples, but some trivalent Ti is present in
lunar samples, as evidenced by recent XANES Ti K-edge
studies of lunar samples. For example, Simon and Sutton
(2018) have shown that lunar pyroxenes, ilmenites and
armalcolites can have between 10 to 30 % of Ti3+. These
results are echoed by the experimental study by Leitzke
et al. (2018) who determined the valence of Ti in olivine,
pyroxene, armalcolite and ilmenite in their experiments and
found that the proportion of 10–30 % of Ti3+ described
by Simon and Sutton (2018) is reached between IW −1
and IW −1.8. Ballhaus et al. (2022), who carried out
magmatic differentiation experiments under both oxidizing
and reducing conditions, found that in Fe-metal saturated
systems, SiO2 enrichment only takes place after much
higher degrees of fractional crystallization compared to more
oxidized terrestrial magmas. These authors argued that their
results are consistent with expectation from lunar basalts,
which only very rarely show evidence of SiO2 enrichment,
and show the overall low viscosities that one would expect
from high-FeO, low-SiO2 magmas.

From what was discussed above, there is consistent and
widespread evidence suggesting lunar basalts resulted from
partial melting of mantle sources at fO2 between IW −1
and IW −2. We thus find that it is reasonable to assume
that the redox state of the lunar mantle is reflected by
the oxygen fugacities recorded in lunar basalts and glasses,
which is likely to be ∼IW −1 (cf. review by Wadhwa, 2008)
to as reduced as IW −2 for the sources of some high-Ti
basalts (Karner et al., 2006; Fonseca et al., 2014; Leitzke
et al., 2016). Below, we will discuss the implications of
such reduced sources, namely the thermodynamic viability
of metal saturation in the lunar mantle.

3 Theoretical background and methods

3.1 Estimating metal compositions based on lunar oxygen
fugacity

Assuming estimates of lunar fO2 are correct (i.e. IW −1 or
lower), it is possible to do a simple test of whether the lunar
mantle can be metal-saturated by estimating the activity of
Fe metal (ametalF e ) in lunar mantle sources using the following
redox equilibrium reaction:

Femetal + 0.5O2 = FeOSM (3)

where the subscript SM refers to silicate melt.
The equilibrium expression that describes Reaction (3) is

given by:
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logKeq = log a
SM
FeO −

1

2
log f O2 − log ametalF e (4)

where Keq is the equilibrium constant for Reaction (3), and
aSMFeO is the activity of FeO in mare basalts. Equation (4)
can be rearranged to solve for log ametalF e according to:

log ametalF e = log aSMFeO −
1

2
log f O2 − logKeq (5)

All the terms in the right-hand side of Equation (5) are
either known (i.e. Keq and fO2), or can be calculated (i.e.
aSMFeO). The aSMFeO can be derived from the known molar
fraction of FeO in lunar mare melts, and the activity coeffi-
cient of FeO in silicate melts (γSMFeO). The latter parameter
has been shown to depend on silicate melt composition
but is typically close to unity for depolymerized basaltic
melts, and negatively correlates with melt TiO2 content
(O’Neill and Eggins, 2002). For high-Ti mare basalts γSMFeO
is thus slightly smaller than unity (ca. 0.85; O’Neill and
Eggins, 2002). Holzheid et al. (1997) have suggested a
higher value of γSMFeO for basaltic melts of 1.7. However,
O’Neill and Eggins (2002) investigated a wider range of
silicate melt compositions when compared to Holzheid
et al. (1997). Moreover, according to Equation (5), at
any given fO2 using higher values of γSMFeO will result in
systematically higher calculated ametalF e when compared to
using an γSMFeO of around unity. In other words, the higher
γSMFeO is, the easier it is to reach high enough values of ametalF e

to ensure metal saturation. More recently, Wood and Wade
(2013) parameterized γSMFeO as a function of silicate melt
composition, which did not include melt TiO2, which is
more relevant for lunar compositions. As such, we have
opted to use the more conservative γSMFeO of O’Neill and
Eggins (2002) to calculate ametalF e , as we consider their value
estimates for TiO2-rich compositions more representative
of the behavior of FeO in lunar mare basalts.

In order to model the range of ametalF e at lunar fO2 for the
sources of low- and high-Ti basalts we have used the average
FeO contents of primitive Apollo 15 and 17 basalts (lunar
data compendium), respectively, to calculate aSMFeO. We have
assumed that Ni will have no effect on ametalF e aside from one
of dilution, given that mixing of Fe and Ni in the Fe-Ni binary
follows Raoult’s law for XmetalNi smaller than 0.3 (Maruyama
and Ban-Ya, 1978). Furthermore, we have calculated ametalF e

for liquid Fe metal diluted with increasing amounts of S
using the activity composition relationships of the Fe-FeS
system as described by Buono and Walker (2011). With this
information, it becomes feasible to ascertain the threshold
at which fO2 would need to decrease to achieve saturation
of Fe-Ni metal with variable S contents. A summary of the
parameters used in these calculations, for high- and low-Ti
basalt sources, is given in Table 1.

The results of the ametalF e vs. log fO2 models are shown in
Figure 2 and allow for some key conclusions to be reached.
Firstly, saturation in a pure Fe metal phase (i.e. ametalF e = 1)
is only possible on the more reduced end of the lunar fO2
range described in the literature (IW −1.5 to IW −2 for low-
and high-Ti basalt sources, respectively). The addition of
Ni will alleviate these requirements and will allow metal

Table 1. Parameters used for the calculation of the ametalF e

of high- and low-Ti mare basalts at an fO2 of IW −1. Also
calculated are the fO2 of both types of lunar basalts in
equilibrium with pure Fe metal, and an Fe-rich alloy that
contains 10 wt% S. The FeO content of Apollo 15
(low-Ti) and Apollo 17 (high-Ti) mare basalts are averages
taken from the lunar data compendium. γSMFeO are taken
from O’Neill and Eggins (2002), and activities of Fe in the
Fe-S binary system were calculated using the activity
composition relationships as described by Buono and
Walker (2011).

Low-Ti
Apollo 15

High-Ti
Apollo 17

FeO (wt%) 22 13.8
XFeO 0.19 0.12
γFeO 1 0.85

log fO2 (∆IW) - aFe = 1 -1.5 -2
log fO2 (∆IW) - aFe =

0.7 (10 wt% S)
-1 -1.6

aFe (IW −1) 0.6 0.3

saturation to take place at higher fO2, albeit this is largely
dependent on how much Ni is in the metal. Secondly,
the addition of S to the residual metal will also result in
lower values of ametalF e (Buono and Walker, 2011), which
predictably allows for metal saturation to be reached at
higher values of fO2. For example, if during partial melting
the ametalF e is around 0.7, which would be the case if residual
metal contains ca. 12.5 wt% S, low- and high-Ti basalt
sources are expected to be metal-saturated at IW −1.2
and IW −1.5, respectively. This fO2 requirement for metal
saturation in lunar mantle sources is far less stringent than
that for pure Fe-metal and is closer to the canonical fO2
value of IW −1 for the lunar mantle (Jones, 2004; Wadhwa,
2008).

The question then becomes just how much Ni and S is
the residual metal expected to have? Brenan et al. (2019)
estimated that any Fe-S phase present in the lunar mantle
should have up to ∼12 wt% Ni, which would drop ametalF e

to ca. 0.9. This view is consistent with the observed
Ni depletion in olivines from mare basalts (Karner et al.,
2003), which are best explained if Ni is retained at their
mantle source by a metal phase. Likewise, estimates for
the S content of the silicate Moon range between 70–
160 µg g−1 (cf. Chen et al., 2015; Hauri et al., 2015), so
any presumptive residual metal phase would be expected
to contain several wt% S. Moreover, the metallic melts in
experiments by Brenan et al. (2019) are S-poor at IW −1
and below, with ca. 10 wt% S on average – i.e. very similar
to the predictions of our preferred model metal composition.
Such a composition would have its liquidus at 1600 to
1620 K (between 1 to 2 GPa; Buono and Walker, 2011).
Given that the liquidi of primitive lunar melt compositions,
like the orange, green and black glasses, range between ca.
1650 K (at 1 bar) and 1900 K (at 2.5 GPa for the refractory
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Figure 2. Activity of Fe (ametalF e ) in mare basalts as a
function of fO2 (given relative to the Fe-FeO reference
redox reaction). Saturation in pure Fe metal (i.e. when
ametalF e = 1) is achieved at IW −1.45 and ca. IW −2, for
low- and high-Ti basalts, respectively. However, saturation
in a Fe-rich alloy with about 10 wt% S (i.e. 30 at% FeS) is
expected to occur at IW −1.2 for low-Ti and at IW −1.5
for high-Ti basalts. Activities of Fe in metal calculated
using thermochemical data from Buono and Walker (2011)
and Barin (1995).

green glass; see Rai et al., 2019, and references therein),
it is likely that the presumptive Fe-(Ni)-S residual metal
was fully molten during mare basalt petrogenesis. To be
clear, we consider any Fe-(Ni)-S liquid composition falling
on the Fe-rich liquidus to the left of the Fe-FeS eutectic to
consist of a S-poor metallic melt and not a sulfide liquid.
Conversely, any composition falling on the right-hand side
of that eutectic (i.e. S-rich) is considered a sulfide liquid.
The eutectic of the Fe-FeS system sits at an XmetalF eS of 0.7
at 3 GPa and 1200 K, and close to 0.9 at 1 bar and 1275 K
(Buono and Walker, 2011), so under conditions relevant to
the lunar mantle, any Fe-(Ni)-S residual metal likely falls
on the metal-rich side of the eutectic.

As pointed out recently by Brenan et al. (2019), if during
partial melting a mantle source is saturated in a S-poor Fe-
(Ni)-S liquid, then SCSS in the melt will be lower than what
it would otherwise be had it been saturated in a S-rich sulfide
melt (Ding et al., 2018; Steenstra et al., 2018), reinforcing
the expectation that lunar mantle sources could be metal
saturated. Based on our calculations, the expected fO2 of
the lunar mantle (i.e IW −1 or lower), and the experimental
constraints from Brenan et al. (2019), we predict that the
residual metal present in lunar mantle sources should have
up to 80 wt% Fe, 10 wt% Ni and ca. 10 wt% S. Based
on estimates for the S content of the silicate Moon (ca.
80 µg g−1 S; Hauri et al., 2015), this would correspond to a
modal fraction of metal in the lunar mantle between 0.05
and 0.1 wt%, depending on the exact Ni and S contents of
the metal phase.

3.2 Experimental methods

Bulk compositions were prepared by initially mixing Mo, W,
Pt, Pd, Rh, Ru, Os, Ir, and Re from Alfa Aesar acid solutions
(20 % HCl, 1000 µg mL−1 concentration) with elemental
sulfur powder (Alfa Aesar, 99.9 % purity) at a ratio of
about 40–50 µg g−1, except for experiment L150, which had
ca. 500 µg g−1 each of Mo and W. After drying overnight
at 60 °C, metallic powders of Fe and Ni (Alfa Aesar, 99.9 %
purity) were added following proportions detailed in Table 2,
using a procedure similar to that of Fonseca et al. (2024).
Copper was not deliberately added to any composition,
but was nevertheless identified in the experimental run
products, presumably as impurities in the metallic powders
used. The mixes were ground in an agate mortar and
placed in 6 mm outer and 4 mm inner diameter SiO2 glass
tubes and sealed at 1 Pa under vacuum using a hydrogen-
oxygen torch. Subsequently, the samples were heated to
900 °C and held overnight to form crystalline sulfide phases.
After crushing and repeating the process for homogeneity,
the pre-reacted sulfides were mixed with a synthetic basalt
glass powder (MPxAB and MTEP5) or a synthetic lherzolite
powder (MP1KLB-1) in ratios of 60 wt% metal and 40 wt%
silicates and 40 wt% metal and 60 wt% silicates, respectively.
Unfortunately, these procedures had the negative side effect
that Re and Os were partially lost during the drying steps,
which resulted in lower than expected concentrations of
these elements in the experimental run products. The
composition of the basalt powder was synthesized after a
high-Mg Low-Ti mare basalt (12005; Meyer, 2010), and the
lherzolite is similar to the KLB-1 spinel lherzolite (Takahashi,
1986). The silicate starting materials were prepared from
analytical grade oxides, carbonates, and hydroxides using
an established routine as described in detail by Beyer et al.
(2021). The Apollo basalt glass was not reduced, whereas
the KLB-1 slag was reduced at 1000 °C in a CO2-CO gas
flow overnight to an oxygen fugacity one log unit above the
iron-wüstite reference redox equilibrium.

High-pressure experiments were conducted utilizing an
end-load piston cylinder apparatus (Voggenreiter Mavopress
LPC 250/30) and a 630 t Walker-style multi-anvil apparatus
at Ruhr-University Bochum. Both machines were calibrated
using well-characterized phase transitions, namely: quartz-
coesite (1200 °C), jadeite-albite-quartz (1000 °C), fayalite-
quartz-ferrosolite (1000 °C) and DTA of gold for the piston-
cylinder; and coesite-stishovite (1200 °C), CaGeO3 garnet-
perosvkite (1200 °C), and the melting point of gold for the
multi-anvil apparatus. The pressure for the piston cylinder
is reproducible within 0.08 GPa, whereas for the multi-anvil
the pressure is reproduced with an uncertainty of 0.3 GPa.
With the exception of experiment L150, which used a
capsule fashioned from crushable MgO, all experiments
featured capsules machined from single crystal MgO (high
purity MgO, sourced from Plano GmbH). Experiment L180,
featured a three chamber single crystal MgO capsule, where
only the C content of the metal was varied (0, 2, 5 wt% C
in metal for experiments L180A, B and C, respectively). In
the piston cylinder experiments, specimens were loaded
into 1/2" talc-Pyrex pressure cells featuring a straight
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Table 2. Starting compositions for the different experiments. A lunar basaltic glass was synthetized to reproduce a
primitive, high MgO Apollo 12 low-Ti mare basalt 12005 (Meyer, 2010). Kilborne hole peridotite (KLB-1) synthesized
after Takahashi (1986). All values are given in wt%, unless stated otherwise.

Metals MP1AB MP2AB MP3AB MP4AB MTEP5 MP1KLB-1

Fe 85 80 75 84 84 85
S 10 15 20 10 10 10
Ni 5 5 5 5 5 5
C 1 1

metal/sil 60:40 60:40 60:40 60:40 70:30 40:60

Lunar basalt KLB-1

SiO2 42.01 44.15
TiO2 2.9 0.19
Al2O3 5.36 3.72
Cr2O3 0.76 0.3
FeO 22.51 8.47
MgO 20.19 39.36
CaO 6.38 3.6
Na2O 0.32
K2O 0.03

graphite heater and crushable MgO plugs and liners. To
minimize friction between the pressure cell and the tungsten-
carbide bore, the assembly was enveloped in PTFE foil.
Temperature monitoring during runs was achieved using
either a type-D thermocouple (W97Re3-W75Re25) or Type-C
thermocouple (W95Re5-W75Re25), positioned axially within
1 mm of the sample capsule. Pressure and temperature were
simultaneously raised to the desired final conditions and
maintained between 30 to 47 min (Table 3). All experiments
were terminated by cutting the power to the heater.

For the single experiment on the multi-anvil press, a
14/8 (14 mm octahedron edge length, 8 mm truncated
edge length) octahedral pressure medium was used. This
octahedron consisted of Cr2O3-doped magnesium oxide
(from Ceramic Substrates, Isle of Wight), a zirconium
oxide insulator (OZ8C, Mino Ltd., Japan), and a stepped
graphite heater. Crushable MgO (RM98TE, Rauschert
GmbH) were used inside the pressure medium. To monitor
temperature, we inserted a Type-C thermocouple axially
using a quadbore alumina tube, surrounded by a crushable
MgO sleeve. Cavities around the thermocouple tip were
filled with alumina powder to protect it during compression
and prevent deformation of the pressure assembly. The
experiment was compressed to 4.5 GPa pressure within
three hours. The temperature was ramped up to its target
value at a rate of ca. 100 °C min−1 and maintained at the
desired temperature for 10 min. Quenching was achieved by
cutting off electrical power, causing the temperature to drop
to below 80 °C within 2–3 s (monitored by the Eurotherm
temperature controller). For our standard 14/8 stepped
graphite assembly, we calculated the thermal gradient based
on the thermal properties and post-run geometry of the
experiment using the code provided by Hernlund et al.
(2006). Accordingly, we expect a temperature gradient
between the TC junction and center of the capsule of

∼20 °C at 1900 °C. All experimental conditions are listed
in Table 3.

After the experiments, samples were embedded in epoxy
and longitudinally ground to reveal a cross-section. High-
quality polished surfaces were obtained through a series
of epoxy-bound diamond sanding plates and hard polishing
discs with diamond paste down to 1 µm with a water-free
lubricant/cooling liquid (Struers DP Blue). All samples were
stored in a desiccator to prevent oxidation of the exposed
metal.

3.3 Analytical methods

The textures of sulfide phases in each experiment were
examined using optical and electron microscopy. Specifically,
a JEOL JSM-7200F SEM at the Center for Interface-
Dominated High-Performance Materials (ZGH) of Ruhr-
University Bochum (Germany) was used. The major element
composition of metal and silicate phases in each experiment
was determined using a Cameca Field-Emission SXFiveFE
EMPA, at the Institute for Geology, Mineralogy, and Geo-
physics of Ruhr-University Bochum (IGMG). Measurements
were conducted at 15 kV accelerating voltage and 15 nA
beam current, using a 1–20 µm-diameter beam to account
for quenched metallic melt heterogeneity. Samples and
reference materials were coated with a 10 nm carbon coat
to ensure reliable measurements of their oxygen content.
Reference materials included pyrite, chalcopyrite, and pent-
landite for S, Fe, and Ni, respectively, utilizing peak-to-
background calibrations. Oxygen was measured using a PC0
light-element detector crystal, and its content in the metal
referenced to periclase (MgO), while oxygen backgrounds
were monitored on nominally oxygen-free phases (metals and
sulfide reference materials). The detection limit for oxygen
under these analytical conditions was 0.1 wt%. Major
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Table 3. Summary of experimental run conditions. ∗Oxygen fugacities were calculated using the activity composition
relations of the Fe-FeS system by Buono and Walker (2011). Uncertainties for the calculated fO2 were propagated
through a Monte Carlo simulation with 10,000 samples using measured uncertainties associated with the electron
microprobe data, and those associated with the calculation of the activity coefficients in the Fe-FeS system from Buono
and Walker (2011).

Run P T duration log fO2* ± starting material capsule comment
GPa °C min ∆IW

I83 1.5 1500 30 -1.14 0.02 MP2AB MgO SC

L150 1.5 1500 47 -1.29 0.02 MTEP5 MgO crushable
only W,Mo,

C-bearing (1 wt%)
L160 1.5 1500 30 -1.27 0.01 MP1AB MgO SC
L161 1.5 1500 30 -1.11 0.03 MP4AB MgO SC C-bearing (1 wt%)
L162 1.5 1500 30 -0.32 0.07 MP3AB MgO SC

L181A 1.5 1500 30 -1.24 0.04 MP2AB MgO SC
L181B 1.5 1500 30 -0.58 0.06 MP2AB MgO SC + 2 wt% C
L181C 1.5 1500 30 -0.74 0.06 MP2AB MgO SC + 5 wt% C
E398 4.5 1900 10 -1.98 0.04 MP1KLB-1 MgO SC only W,Mo

element contents for each of the experimental run products
can be found in Table 4.

Experimental run products were measured for their HSE,
Mo and W abundances using an ESL NWRImageGEO
193 nm excimer laser ablation system coupled to an Agilent
8900 triple quadrupole ICP-MS run in single-quadrupole
mode (LA-ICP-MS). Following Wohlgemuth-Ueberwasser
et al. (2007), laser fluence and repetition rate were kept low
(4–5 J cm−2, and 5 Hz, respectively) in order to enhance
the ablation yield in the metallic melts, and set to 7 J cm−2,
and 10 Hz for the measurement of the silicates. Spot sizes
varied between 40 and 70 µm depending on the size of
the phases measured, namely the size of the metal blebs
present in each experiment. Sample aerosols were carried
to the mass spectrometer using a constant He flow of
1000 mL min−1. Depending on the analyte (Mo & W, HSE)
in the experimental run products, different reference materi-
als were used for external calibration. We used the synthetic
Ni-bearing pyrrhotite, PGE-Ni7b (described in Wohlgemuth-
Ueberwasser et al., 2007), for the quantification of the HSE,
whereas NIST-SRM-612 (Jochum et al., 2011) was used for
Mo and W. The internal standard used for normalization was
always 57Fe. The count rates for the nuclides of 29Si, 34S,
43Ca, 57Fe, 61Ni, 63Cu, 65Cu, 95Mo, 99Ru, 101Ru, 103Rh,
105Pd , 106Pd, 182W, 185Re, 189Os, 193Ir and 195Pt were
measured. Each nuclide was measured employing 33 ms
of dwell time (ca. 630 ms for the whole mass range) and
each laser spot was measured for 20 seconds on the gas
background, and 30 seconds with active ablation on the sam-
ple. Measurements were carried out via standard/sample
bracketing, with no more than 15 spots measured between
each standard measurement. Data reduction was carried out
using the procedure described by Longerich et al. (1996)
in similar fashion to what is described by Fonseca et al.
(2017). Possible argide molecular interferences on 101Ru
(61Ni40Ar+), 103Rh (63Cu40Ar+) and 105Pd (65Cu40Ar+)
were evaluated and found to be negligible given the good
agreement between concentrations obtained from multiple

isotopes of the same element (i.e. 99Ru and 108Pd). The
trace element contents for metal and silicate melt for each
experiment are given in Table 5. Examples of typical LA-
ICP-MS transient signals are shown in the Supplementary
Material in Figure S1.

The limits of detection (LOD) were determined following
the methodology outlined by Longerich et al. (1996), and
consisted of the 3 σ of a nominally HSE, Mo, and W-
free signal divided by the measurement sensitivity of each
element. Over multiple measurements, the calculated LOD
(in ng g−1) were 4 for Mo, 1 for W, 1–2 for Pd, 1.7–1.8 for
Pt, 0.7–0.8 for Rh, and 1.3–1.4 for Re. These calculated
LODs are only slightly lower than those determined recently
by Zhang and Li (2021) for Pt and Pd (3 to 7 and 3 to
8 ng g−1, respectively) using a single quadrupole ICP-MS
(an Agilent 7900), and comparable laser ablation system
(Analyte HE 193 nm ArF Excimer Laser). The calculated
LOD for Ru, Os, and Ir were difficult to assess due to
their gas backgrounds being zero in most measurements.
Nevertheless, the maximum determined LOD for Ru, Os,
and Ir were 0.9, 1.9, and 0.7 ng g−1, respectively, even if the
minimum calculated values were essentially a more unrealis-
tic zero. As the measured concentrations for these elements
were on occasion close to their maximum calculated LOD,
caution should be taken when adopting these values and
as well as any calculated partition coefficients from these
data. Determining Cu concentrations in silicate melt proved
problematic, as values obtained from 65Cu were approxi-
mately 40 % higher than those from 63Cu. In hindsight,
this discrepancy likely arises from an isobaric molecular
interference of 40Ar25Mg+ on 65Cu, leading to artificially
elevated count rates for that nuclide. Unfortunately, 63Cu
is also subject to its own isobaric interferences, including
the relatively minor 27Al36Ar+ and the more significant
47Ti16O+, given that our starting compositions contained
several wt% TiO2 (see Table 4). Consequently, we do not
consider any Dmetal/sil

Cu values from our experiments to be
reliable.
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Figure 3. Backscatter electron image of typical
experimental run products for piston cylinder experiments
I83 (a), L150 (b), L181B (c), and L161 (e), and the single
multi-anvil experiment E398 (d). In all experiments, metal
is shown mostly concentrated into larger spherical blebs
with several 100 µm diameter, whereas silicate melt
quenched to a spinifex-like dendritic texture. Metallic blebs
shows evidence of immiscibility during quenching, with
subsidiary parallel lamellae with higher S content. Some
experiments also featured liquidus olivine (c, d and e), as
opposed to the quenched olivine crystals seen associated
with the spinifex-like texture. Scale bars in each panel
represent 100 µm.

4 Results

4.1 Experimental run products

In a typical experimental run, the products consist of
quenched round blebs of metallic melt, as shown in Figure 3,
alongside spinifex-like silicate glass. The quenched metallic
melts exhibit fine S-rich exsolutions within a more Fe-Ni
rich matrix (Fig. 3a). Additionally, all experiments feature

regions where small, µm-sized metallic melt nuggets are
associated along grain boundaries of dendritic quench
olivine. To mitigate potential contamination by metallic
nuggets and therefore biased results, these regions were
avoided during the measurement of the silicate melt’s
siderophile element abundances. In some experiments,
small crystals of liquidus olivine, depicted in Figure 3e
(inset), were also present. The quenched silicate glass
in these regions contained multiple trapped Fe-S blebs.
Experiment L181A was situated in the colder part of a multi
chamber piston cylinder assembly, and displayed a large
amount of liquidus olivine and associated small-scale Fe-S
metal blebs, which made analysis of that particular sample
difficult. Further examples of typical textural features of
experimental run products are shown in the Supplementary
Material in Figure S2.

4.2 Metal/silicate partitioning results

Calculated metal/silicate partition coefficients from our ex-
periments are shown in Figure 4 and summarised in Table 5.
With no exception, Dmetal/sil

i decreases with increasing S
content. Partitioning of Mo and W between Fe-S liquid
and silicate melt shows a clear negative correlation with S
content, with values ranging between ca. 560 to 206 for
Mo, and between 8 and 0.32 for W (Fig. 4a).

All HSE behave similarly with increasing S content in
metal, with Dmetal/sil

i ranging in the tens of thousands
(except for Re) to a few thousands at high S contents
in metal (Figure 4b,c; Table 5). In the case of Re, and to
a lesser extent Os, because these elements were lost during
the initial stages of sample preparation due to volatile loss,
their concentrations were much lower in all experiments.
This resulted in fewer Re partitioning data being obtained,
as Re was often below detection limit during the majority
of LA-ICP-MS measurements of the quenched silicates. As
such, only partitioning data for the more S-rich experiments
L161 and L162 are given, with Dmetal/sil

Re of 5789 and 5000,
respectively. Rhenium partitioning data were also obtained
for the C-bearing experiments L181B and L181C (see
below).

Values of Dmetal/sil
Ni and Dmetal/sil

S are shown in Figure 4d.
Nickel partition coefficients are shown to decrease with
increasing S content of the Fe-S liquid, in line with the
HSE, Mo and W. The partitioning of Cu (not shown) does
not show a clear correlation with S content of Fe-S liquid.
The reason for this is unclear, but it may have to do with
difficulties in accurately measuring the Cu content of the
glass using LA-ICP-MS due to the presence of isobaric
interferences (see methods, Section 3.3) leading to inaccu-
rate Dmetal/sil

Cu . Sulfur content of the silicate melt increases
with the S content of the Fe-S liquid, with a corresponding
increase in Dmetal/sil

S . This result is unsurprising as S solubility
in silicate melt is known to positively correlate with the aFeS,
as well as with the fO2 of the system (c.f. Mavrogenes
and O’Neill, 1999, and Figure S3 in the Supplementary
Material), which is the case in our experiments.

Experiments (I83, L181B, and L181C) were doped with
1, 2.5, and 5 wt% of C, respectively (added as graphite
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Table 5. Trace element content of experimental run products (in µg g−1), and partition coefficients between
liquid Fe-S metal and silicate melt. Data in brackets are considered outliers, or experiments where
LA-ICP-MS signal contamination was unavoidable. *Major element in metal (see Table 4).

Sample Ni* ± Cu ± Mo ± W ± Pt ± Pd ±

Metal

I83 * * 73 4 26 1 9.7 0.6 14 1 47 1
L150 * * (353) (63) 517 5 501 7 - - - -
L160 * * 122 7 67 1 37 1 64 4 76 4
L161 * * 84 5 84 1 33.6 0.4 66 4 62 4
L162 * * 105 8 130 3 21 2 49 4 63 3
L181A * * 58 3 21 2 6.9 0.7 20 2 56 2
L181B * * 32 2 6.4 0.5 3.8 0.3 31 3 54 4
L181C * * (89) (22) 7 1 6 1 13 3 46 7
E398 * * 22 1 223 6 411 105 - - - -

Silicate melt

I83 43 2 0.77 0.02 0.062 0.004 8.6 0.1 0.005 0.002 0.008 0.001
L150 97 8 1.9 0.3 1.1 0.1 64 1 - - - -
L160 33 3 1.8 0.2 0.12 0.02 8 1 0.005 0.001 0.0032 0.0002
L161 44 5 1.8 0.1 0.26 0.02 22 1 0.006 0.001 0.004 0.001
L162 84 4 1.1 0.1 0.63 0.01 66 0.2 0.008 0.002 0.008 0.002
L181A 120 48 1.2 0.1 (0.14) (0.05) (6.2) (0.1) (0.3) (0.2) (0.1) (0.08)
L181B 84 8 1.52 0.03 0.044 0.005 5.09 0.06 0.07 0.03 0.022 0.007
L181C 791 134 2 0.1 0.5 0.1 4.3 0.5 2.9 0.9 0.3 0.1
E398 66 5 0.6 0.02 0.66 0.04 34 2 - - - -

Metal/silicate partition coefficients

I83 1814 88 95 6 419 31 1.1 0.1 2800 1138 5875 745
L150 588 50 186 44 470 43 7.8 0.2 - - - -
L160 2545 233 68 8 558 93 4.6 0.6 12800 2682 23750 1941
L161 1432 164 47 4 323 25 1.5 0.1 11000 1951 15500 4002
L162 690 49 95 11 206 6 0.32 0.03 6125 1611 7875 2004
L181A 692 277 48 5 (150) (55) (1.1) (0.1) (66.7) (44.9) (560) (448)
L181B 905 93 21 1 145 20 0.75 0.06 443 195 2455 802
L181C (92) (16) (45) (11) (14) (3.4) (1.4) (0.3) 4 2 153 56
E398 818 64 37 2 338 22 12 3 - - - -

(continued overleaf)

powder), to test the effect that small amounts of carbon
in metal have on the partitioning behavior of Mo, W, and
the HSE. Any residual metal present in the lunar mantle
is likely the source of the C found in lunar mare basalts,
so it is worthwhile to test its effect on Dmetal/sil

i . The
addition of C results in clearly lower Dmetal/sil

Mo,W for similar

S contents in the metallic melt, but also lower Dmetal/sil
HSE

(see Figure S1 in the Supplementary Material). However,
the exceptionally low Dmetal/sil

HSE values observed in the C-
bearing experiments (often below 1000) raise concerns. It
remains unclear whether these values truly reflect equilibrium
partitioning or are instead influenced by the formation of
nano-nuggets in the silicate melt, which are difficult to
detect and quantify (see Supplementary Figures S1 and S2).
Therefore, while we report these data for completeness, we
do not consider them further in our analysis due to the
uncertainty surrounding their reliability.

One single experiment was carried out at 4.5 GPa and
1900 °C (E398) in order to approximate lunar core formation
conditions. This experiment was only doped with Mo and
W, and not with any HSE, and yielded the highest Dmetal/sil

W

(12 ± 3), and intermediate Dmetal/sil
Mo (338 ± 22) compared

to other experiments, except for the C-bearing experiments
where, as mentioned all Dmetal/sil

i were lower compared to
C-free experiments.

5 Discussion

5.1 Comparison to previous experimental studies

Due to their low solubility in silicate melts, HSE partitioning
studies often rely on starting materials doped with con-
centrations far exceeding those found in natural samples.
This raises concerns about whether partitioning data adhere
to Henry’s law, particularly regarding the independence of
HSE partition coefficients from overall concentration. While
studies on HSE partitioning between liquid and solid metals
generally follow Henry’s law (Chabot et al., 2003), Zhang
and Li (2021) demonstrated that HSE partitioning between
sulfide and silicate melts deviates from this behavior at high
HSE concentrations. Their study reported an approximately
100,000-fold increase in partition coefficients (Dsul/sil

Pt and
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Table 5. (continued)

Sample Rh ± Ru ± Os ± Ir ± Re ± S* ±

Metal

I83 18.9 0.4 15 0.3 3.1 0.1 4 0.1 2.1 0.1 * *
L150 - - - - - - - - - - * *
L160 45 2 50 3 19 2 23 2 9 1 * *
L161 38 2 43 2 22 1 23 2 11 1 * *
L162 27 2 35 5 22 2 22 2 15 2 * *
L181A 24 1 21 1 5.4 0.6 7.6 0.6 3.7 0.3 * *
L181B 18 2 13 2 3.4 0.5 5.9 0.6 2.4 0.4 * *
L181C 10 3 9 2 1.8 0.4 4.8 0.9 1.1 0.3 * *
E398 - - - - - - - - - - * *

Silicate melt

I83 0.001 0.0005 0.001 (0.0005) (0.001) (0.0001) - - 0.003 (0.001) 1500 20
L150 - - - - - - - - - - 1400 100
L160 0.0015 0.0004 0.0023 0.0003 0.0021 0.0002 0.0006 0.0001 bdl bdl 2700 100
L161 bdl bdl 0.002 0.001 0.0012 0.0001 0.0007 0.0001 0.002 0.001 2600 200
L162 0.003 0.001 0.007 0.003 0.0019 0.0004 0.0021 0.0007 0.003 0.001 2200 100
L181A (0.002) (0.001) (0.003) (0.001) (0.002) (0.001) (0.004) (0.003) (0.006) (0.002) 1450 40
L181B 0.009 0.005 0.01 0.005 0.004 0.002 0.008 0.005 0.003 0.001 1920 20
L181C 0.16 0.03 0.2 0.1 0.09 0.03 0.7 0.2 0.17 0.05 2200 100
E398 - - - - - - - - - - 1470 40

Metal/silicate partition coefficients

I83 18900 9458 15000 7506 (3100) (326) - - 700 236 47 3
L150 - - - - - - - - - - 33 4
L160 30000 8110 21739 3121 9048 1794 38333 7206 - - 13 1
L161 - - 21500 10796 18333 1740 32857 5495 5789 2583 32 4
L162 9000 3073 5000 2259 11579 2655 10476 3620 5000 1795 99 7
L181A (11950) (5988) (7000) (2357) (2700) (1383) (1900) (1433) (617) (212) 46 4
L181B 2000 1133 1300 680 850 443 738 467 800 298 7 1
L181C 63 22 45 25 20 8 7 2 6 3 8 3
E398 - - - - - - - - - - 84 3

Dsul/sil
Pd ) over a concentration range from tens of µg g−1 to

wt% levels, highlighting a strong dependence on doping
levels. These findings echo similar observations raised by
Crocket et al. (1997) and Fleet et al. (1999), who also
observed a correlation between Dsul/sil

PGE and the Platinum
Group Element (PGE) concentrations in sulfide melt in
their experiments. While these earlier studies only noted
a "statistical significant correlation" between Dsul/sil

PGE and
PGE concentrations, Zhang and Li (2021) attributed this
deviation to a decrease in γsulP t,Pd with increasing Pt and Pd
concentration.

Following their approach, we limited HSE additions to
20–50 µg g−1 in our FeNi±S starting mixtures to ensure
compliance with Henry’s law as closely as possible. This
also allowed us to avoid recalculating our data to infinite
dilution using activity-composition relationships that may
not accurately reflect the petrological system studied, as
well as minimizing large extrapolations from highly doped
to dilute HSE concentrations.

As shown in Figure 5, partition coefficients for the HSE
are generally at least an order of magnitude lower than
previously published values (Brenan et al., 2019; Laurenz
et al., 2016), except for the Pt and Pd dataset of Zhang and
Li (2021). In fact the Dsul/sil

Pt,Pd of Zhang and Li (2021) with

similar Pt and Pd concentrations in their sulfide liquids to our
Fe-S liquids, fall on the continuation of the trend defined
by our own measured Dmetal/sil

Pt,Pd (Fig. 5). Laurenz et al.
(2016) investigated the effect of sulfur on the metal-silicate
partitioning of Pt, Pd, Ru, and Ir, finding – consistent with
our study – that increasing sulfur content in Fe-S liquid
reduces Dmetal/sil

HSE for all studied HSE. However, with the
exception of Pd, all Dmetal/sil

HSE values reported by Laurenz
et al. (2016) are considerably higher than those measured in
our experiments (Figure 5a,b). The experiments of Laurenz
et al. (2016) that assessed the effect of S on Dmetal/sil

HSE were
conducted at higher temperatures and pressures (2200 °C,
11 GPa) than ours and involved doping with wt% levels
of HSE. This makes it difficult to isolate the individual
effects of these parameters on Dmetal/sil

HSE . However, their
study demonstrated that within their broader experimental
conditions (2100–2400 °C, 7–21 GPa), HSE partitioning
either decreases with temperature (for Pt, Ir, and Ru) or
remains temperature-insensitive (Pd). Additionally, only
Dmetal/sil

Pt increases with pressure, while the partitioning of
other HSE appears unaffected by this parameter. Thus, the
significantly higher Dmetal/sil

HSE values reported by Laurenz et al.
(2016) likely result from the higher HSE concentrations
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Figure 4. Partitioning of Mo, W, Pt, Pd, Ru and Ir
between metallic melt and silicate melt as a function of the
S content of the metallic melt. All experiments shown with
closed symbols are C-free, whereas the sole C-bearing
experiment (I83) is shown with open symbols. All
experiments were carried out at 1500 °C and 1.5 GPa.
Calculated oxygen fugacities are shown in Table 2

in their metallic melts compared to our study, further
supporting deviations from Henry’s law.

This conclusion is reinforced by the data from Brenan
et al. (2019), who conducted experiments using similar
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Figure 5. Comparison between our partitioning data for Pt,
Pd, Ru and Ir and literature data for a) Pd and Ir from
Laurenz et al. (2016); Zhang and Li (2021); for b) Ru and
Ir from Laurenz et al. (2016) and c) Pd and Ir from
Brenan et al. (2019) as a function of S content of the
Fe-S liquid. See text for discussion.

Fe-S liquid and silicate melt compositions at comparable
pressures and temperatures (1 GPa and 1400 °C). The
main distinction between our study and that of Brenan
et al. (2019) is the amount of HSE dopant in the starting
compositions – thousands to tens of thousands of µg g−1 in
Brenan et al. (2019) compared to 20–50 µg g−1 in our study
– which is consistent with their higher measured Dmetal/sil

HSE

values (Fig. 5c). The one exception to this trend is Dmetal/sil
Pd

from Laurenz et al. (2016), which closely matches our data
(Fig. 5a) but is significantly lower than values reported by
Brenan et al. (2019) at similar S contents. It is possible that
at the higher pressures (7–21 GPa) of Laurenz et al. (2016),
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Figure 6. Comparison between our partitioning data for Mo
(a) and W (b) and literature data from Wood et al. (2014).

γ Fe-S metal
Pd remains insensitive to Pd concentration in the Fe-

S liquid, whereas at the lower pressures of our experiments
and those of Brenan et al. (2019), this is not the case.
Laurenz et al. (2016) sought to address the likely deviation
from Henry’s law in their experiments by correcting their
data to infinite dilution, which only resulted in a modest
average 0.2 log unit increase in their measured Dmetal/sil

HSE .
Assuming our data and that the conclusions by Zhang and
Li (2021) are correct, then correcting the partitioning data
to infinite dilution for the HSE may not result in a reliable
outcome. Considering these observations, our results extend
the findings of Zhang and Li (2021), demonstrating that
HSE partitioning deviates from Henry’s law at high dopant
levels, including in the partitioning between liquid metal and
silicate melt.

Interestingly, values of Dmetal/sil
Mo,W vary with the sulfur con-

tent of the liquid metal but appear unaffected by the amount
of Mo and W doped. Experiment L150 (4.6 ± 0.5 wt% S),
which contained ∼500 µg g−1 of Mo and W, yielded Dmetal/sil

Mo

and Dmetal/sil
W values similar to those of experiment L160

(3.5 ± 0.2 wt% S), which had comparable sulfur contents
in the liquid metal (Dmetal/sil

Mo = 470 ± 43 vs. 558 ± 93, and
Dmetal/sil

W = 7.8 ± 0.2 vs. 4.6 ± 0.6, respectively). These
results suggest that, unlike the HSE, Mo and W partitioning
between liquid metal and silicate melt follows Henry’s law

over the studied concentration range. This behavior is ex-
pected given the low activity coefficients and high solubilities
of Mo and W in silicate melt (O’Neill and Eggins, 2002;
O’Neill et al., 2008). With the exception of one outlier
at 22 wt% S, our results align well with those of Wood
et al. (2014), as trends between Dmetal/sil

Mo , Dmetal/sil
W , and

sulfur content in Fe-S liquid broadly overlap (Fig. 6). This
agreement holds despite the slightly higher temperatures
(1650 °C) and much higher W and Mo concentrations (up
to several wt%) in their experiments, further supporting
that Mo and W partitioning follows Henry’s law over a wider
concentration range in metal compared to the HSE. We also
considered W and Mo partitioning data from Wade et al.
(2012), which show significant scatter around our data and
that of Wood et al. (2014), particularly at low S contents
(see Figure S5 in the Supplementary Material). This scatter
likely results from variations in melt polymerization and SiO2
activity in their silicate melts, factors known to strongly
influence W and Mo partitioning (Wade et al., 2012; Cottrell
et al., 2009). These compositional effects obscure any
potential influence of S on W and Mo partitioning between
Fe-S liquid and silicate melt, leading us to exclude the
data from Wade et al. (2012) from further consideration.
We also do not include the sulfide melt–silicate melt parti-
tioning data for Mo and Re from Feng and Li (2019), as
their experiments were conducted under significantly more
oxidizing conditions (FMQ −1.8 to FMQ +1.5) and used
more andesitic compositions, which are less relevant to lunar
mantle melting. We refer the reader to the study by Jennings
et al. (2021), which, although not included in our literature
comparison due to the absence of S-bearing experiments at
1.5 GPa, provides a comprehensive parameterization of Mo
and W behavior in metal/silicate systems.

5.2 Implications of metal-saturation in the lunar mantle

The assumption that the lunar mantle is metal-saturated
has clear implications to our understanding of the siderophile
element abundances of lunar mare basalts. The presence
of residual metal in the lunar mantle has already been used
in the literature to explain the depletion of lunar samples in
siderophile elements such as Re, Au, and Ge (e.g., Wolf and
Anders, 1980). In order to assess the implications of metal-
saturation in the lunar mantle, we performed aggregate
modal fractional melting models assuming both different
lunar bulk mantle compositions in equilibrium with a Fe-S
liquid with ca. 10 wt% S. Part of the challenge in doing
this is that most metal/silicate data refer to experiments
carried out at much higher pressures and temperatures
than those experienced even during lunar core formation, or
especially, during partial melting of metal-saturated lunar
mantle sources (1–2 GPa, 1200 °C; Charlier et al., 2018).
Moreover, due to the high metal/silicate partition coef-
ficients, most experiments involving HSE are doped with
wt% levels of these elements to make it easier to measure
their concentrations in silicate glasses. Because of this, the
partitioning data obtained from these experiments is then
corrected down to infinite dilution of HSE in an Fe-rich
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metal alloy using available solution models (cf. Mann et al.,
2012).

As shown in the previous subsection, this approach re-
quires large extrapolations, and the corrected values do not
necessarily reflect HSE behavior in natural metal/silicate
systems. To avoid this, we use our own experimental
partitioning data, minimizing HSE doping and covering
P-T conditions relevant to lunar petrogenesis. We did not
perform multivariate regression on our data, as commonly
done (e.g., Righter, 2011), since such regressions would be
under-constrained. The number of fitting parameters (four;
related to enthalpy, entropy, molar volume, and S content of
the metal) would exceed the number of observations (three
to four experiments, depending on the element). To prevent
inaccurate extrapolations, we used partitioning data from
experiment L161, where the metal’s S content (8.4 wt%)
is closest to our estimate of 10 wt% S in the lunar residual
metal phase.

To complement our Fe-S metal/silicate melt partitioning
data, we incorporated literature data on equilibrium between
lunar mantle silicates and an oxide (olivine, ortho- and clino-
pyroxene, ilmenite, plagioclase, and pigeonite) and silicate
melt. Specifically, we used Dmineral/melt

Mo,W data from Leitzke
et al. (2017) and Dygert et al. (2013), as these studies
focus on lunar mantle melting conditions. Notably, Leitzke
et al. (2017) account for the decreasing incompatibility
of W and Mo at lower lunar mantle fO2. Similarly, we
used mineral/melt partitioning data from Mallmann and
O’Neill (2007) for Re, which – like Mo – becomes more
tetravalent and less incompatible under reducing conditions.
Following Brenan et al. (2019), we assume that Os, Ir, and
Ru are compatible in olivine and orthopyroxene, while Pt
and Pd remain incompatible. A summary of the partition
coefficients and other compositional parameters used in our
modeling are given in Table 6.

We considered several scenarios at a fixed degree of partial
melting (10 %), consistent with mare basalt generation
(Shearer et al., 2006). In the first scenario, a lunar mantle
source composed of olivine and orthopyroxene in roughly
equal proportions (50:50), corresponding to sequence 1 of
the Lunar Magma Ocean (LMO) crystallization model of
Snyder et al. (1992), and 0.1 % residual metal underwent
partial melting. This model lunar mantle had bulk silicate
Moon (BSM) trace element contents, with HSE abundances
from Day et al. (2007, ∼0.0002×CI).

The Mo concentration in the lunar mantle is less well con-
strained. Newsom (1986) estimated lunar mantle depletion
in Mo by a factor of 1200 relative to CI chondrites, yielding
ca. 0.7 ng g−1 in BSM. Sharp et al. (2015), using their
own metal-silicate partitioning data, estimated BSM Mo
contents between 1 and 4 ng g−1 after lunar core formation.
However, these low estimates lead to modeled Mo abun-
dances in mare basalt melts that fall below measured values
(gray line in Fig. 7; Newsom, 1986; Newsom and Maehr,
1993). To address this, we estimated the BSM Mo content
by calculating how much Mo remained in a BSE-like lunar
mantle, initially containing up to 180 ng g−1 Mo (Liang et al.,
2017), after lunar core formation. Assuming a core fraction

of 1.5 % (Weber et al., 2011) and using a Dmetal/sil
Mo of 338

(from an experiment at 4.5 GPa and 1900 °C), mass balance
yielded [Mo]BSM = 29.7 ± 5.8 ng g−1. The BSE Mo estimate
by Liang et al. (2017) is on the higher end of published
values, with the average being 47 ± 40 ng g−1 (Palme and
O’Neill, 2014). However, Liang et al. (2017) argue that
Mo behaves more compatibly during partial melting than
previously assumed, which past BSE estimates may not
account for. Since earlier BSM Mo estimates rely on these
BSE values, we suggest they underestimate the true lunar
mantle Mo content, agreeing with Leitzke et al. (2017).
Thus, we adopt our own estimate of 29.7 ± 5.8 ng g−1 based
on Liang et al. (2017) and our lunar core formation-relevant
Dmetal/sil

Mo . Applying the same approach to W, using an initial
BSE value of 12 ng g−1 (König et al., 2011) and a Dmetal/sil

W
of 12 ± 3, we obtained [W]BSM = 10.3 ± 3.5 ng g−1, a factor
of two lower than the 20 ng g−1 estimate by Münker (2010).
However, given the differences in how both estimates were
obtained – specifically, that Münker (2010) derived theirs
from mass balance calculations based on high-precision
isotope dilution trace element ratios, whereas we used a
simpler mass balance approach relying on our Dmetal/sil

W and
an assumed core fraction of 1.5 wt% – we consider both
estimates to be reasonably close.

The 10 % fractional melting model closely reproduces
the observed mare basalt HSE, W, and Mo concentrations
and overall pattern (full blue line in Fig. 7a). In contrast,
assuming a metal-saturated BSE-like lunar mantle without
accounting for lunar core formation (shaded blue line in
Fig. 7a) results in HSE values far exceeding those in the mare
basalt record. This suggests that the HSE estimate by Day
et al. (2007) accurately reflects lunar mantle abundances
after core formation. An alternative model incorporating a
hybrid lunar mantle composition – 70 % ultramafic cumu-
lates from sequence 1 and 30 % ilmenite-bearing cumulates
from sequence 5 of Snyder et al. (1992) – represents a
mixed lunar source that could have formed after mantle
overturn. This model yields a similar outcome, albeit with
slightly higher HSE contents (Fig. 7a), compared to a source
composed solely of olivine and orthopyroxene.

Broader variations in HSE, Mo, and W contents in the
modeled basalts arise from changes in the metal content of
the source (Figure 7b). As expected, a source with minimal
residual Fe-S metal (250 µg g−1) produces the highest HSE,
Mo, and W concentrations in 10 % partial melts. In contrast,
a lunar mantle source with 1 wt% Fe-S metal would be
more depleted in most elements compared to the mare
basalt record. These results align well with lunar mantle
S estimates (∼80 µg g−1 S; Hauri et al., 2015), which,
as noted earlier, correspond to a metal fraction of 0.05–
0.1 wt% in the lunar mantle – depending on the exact Ni and
S contents of the metal phase – assuming all sulfur resides in
the residual metal. Comparatively, lower degree partial melts
yield little variation in their HSE and Mo contents, with
only W being affected. This is unsurprising given that W is
the only element that shows an overall incompatible bulk
partitioning behavior, whereas the HSE and Mo are purely
compatible. Please refer to the Supporting Data where a
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Table 6. List of mineral/melt partition coefficients used in the modeling of fractional melting of high Mg mare basalt
sources. Modal abundances taken from Snyder et al. (1992). Data sources for partitioning data: Bre19 – Brenan
et al. (2019); Day07 – Day et al. (2007); Dyg13 - Dygert et al. (2013); Kön11 – König et al. (2011); Lia17 – Liang
et al. (2017); Lei17 – Leitzke et al. (2017); Mal07 – Mallmann and O’Neill (2007); Pal14 – Palme and O’Neill
(2014); Thi19 – Thiemens et al. (2019). All metal/silicate melt partitioning data used are taken from Experiment
L161 (see text for discussion). *Assumed that BSM has 30 ng g−1 Mo. This value was calculated assuming
segregation of 1.5 wt% core material from an initially BSE-like lunar mantle that originally had 180 ng g−1 Mo (after
Liang et al., 2017). Partitioning data from experiment E398 were used for to calculate the Mo content of the lunar
mantle post lunar core formation.

Modal abundances Mineral/melt partition coefficients

Mineral Ultramafic Hybrid Os Ir Ru Pt Pd Re Mo W

Olivine 0.509 0.36 3 3 3 0.001 0.001 0.09 0.47 0.005
Orthopyroxene 0.49 0.343 3 3 3 0.001 0.001 0.9 0.72 0.006
Clinopyroxene 0.072 n/a n/a n/a n/a n/a 2 2.18 0.047

Pigeonite 0.102 n/a n/a n/a n/a n/a 1.2 0.72 0.006
Plagioclase 0.093 n/a n/a n/a n/a n/a n/a 0.4 0.0006

Ilmenite 0.033 n/a n/a n/a n/a n/a 0.97 5.91 0.075
Fe-S metal 0.001 0.0007 18000 33000 22000 11000 16000 5700 323 15

Data sources Os Ir Ru Pt Pd Re Mo W

Silicates Bre19 Bre19 Bre19 Bre19 Bre19 Mal07 Lei17 Lei17
Oxides n/a n/a n/a n/a n/a n/a Lei17 Dyg13
BSE Pal14 Pal14 Pal14 Pal14 Pal14 Pal14 Lia17 Kön11
BSM Day07 Day07 Day07 Day07 Day07 Day07 Lia17* Thi19

spreadsheet showing how the partial melting models are
calculated is included (Fonseca et al., 2026).

Despite differences in their elevated Dmet/sil
i , Re and Os

are only slightly fractionated during partial melting of the
lunar mantle in our models. Consequently, some radiogenic
ingrowth of 187Os is expected in mare basalts derived from
a metal-saturated lunar mantle source. Assuming that the
lunar mantle had a CI chondritic initial Os isotope composi-
tion (i.e., [187Re/188Os]i of 0.42, [187Os/188Os]i of 0.0961;
Fischer-Gödde et al., 2010), it would have evolved to
187Re/188Os values of 0.1212 and 0.115 by 3.0 and 3.9 Ga,
respectively (using a decay constant λ of 1.66 × 10−11 a−1;
Smoliar et al., 1996). An Fe-S metal-saturated silicate melt
formed at those times would have a Re/Os of approximately
0.28 (or 187Re/188Os of 1.31), based on our metal/silicate
partitioning data for Re and Os (Dmetal/sil

Re /Dmetal/sil
Os ∼ 0.27).

Such melts would develop 187Os/188Os values of 0.188 and
0.199 between 3.0 and 3.9 Ga. These values are consistent
with the overall suprachondritic Os isotope compositions
observed in Apollo 12, 15, and 17 mare basalts, even though
most lunar samples show near-chondritic or slightly supra-
chondritic values (Day et al., 2007; Day and Walker, 2015).
Our calculated Os isotope compositions are slightly higher
than the present-day maximum observed 187Os/188Os of
0.18 (see Figure 2 of Day, 2018). This suggests that
regolith assimilation is required to bring 187Os/188Os values
down to near-chondritic levels, as proposed by Brenan
et al. (2019). Variable assimilation of chondritic regolith,
combined with differences in residual metal fractions in lunar
mantle sources, can explain both the observed spread in
187Os/188Os and the elevated HSE abundances in lunar

rocks, which often exceed those predicted by our partial
melting models. However, due to very low Re and Os
concentrations in the quenched silicate melts from our
experiments, Dmetal/sil

Re and, to a lesser extent, Dmetal/sil
Os ,

remain imprecisely determined. This results in up to 45 %
variation in the calculated 187Os/188Os, yielding a range
from 0.102 to 0.276, spanning both sub- and suprachondritic
values. Thus, while our average Dmetal/sil

Re,Os values support
the generation of suprachondritic melts, the associated
uncertainties do not exclude the possibility of subchondritic
compositions. Moreover, it remains unclear whether lunar
core formation significantly fractionated Re/Os. If so, the
lunar mantle may have acquired a non-chondritic Re/Os
ratio, further complicating accurate estimates of the Os
isotopic composition in parental mare basaltic melts.

5.3 Could residual metal be a remnant of core formation?

Weber et al. (2011) have argued, based on a re-evaluation
of seismic data obtained during the Apollo missions, that
the Moon has a small metallic core with up to 3 % of the
mass of the Moon. Irrespective of whether one assumes
metal or sulfide saturation in lunar mantle sources, the fact
that the Moon has a metallic core must have resulted in the
depletion of siderophile elements from the silicate Moon.
Complementarily, lunar core formation is also supported by
geochemical data. Burkhardt et al. (2014) showed that
lunar mare basalts are enriched in heavy Mo isotopes, which
is consistent with Mo isotope equilibrium stable isotope
fractionation during high-temperature core formation (up
to 3000 °C; see Hin et al., 2013). More recently, Xia
et al. (2019) have carried out metal-silicate equilibrium
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Figure 7. Modeled HSE, Mo and W abundances of lunar mare basalts that result from 10 % fractional melting of a
BSE-like and BSM-like lunar mantle sources that contain 0.1 % Fe-rich metal. The observed range of concentrations seen
in natural lunar mare basalts are taken from Day and Walker (2015); Newsom (1986); Newson (1995); Thiemens et al.
(2019); O’Neill (1991)

experiments and showed that the Cu isotope composition
of the silicate Moon is consistent with the sequestration of
Cu into the lunar core, although it should be noted that
their assumption of a pure FeS lunar core in most of their
experiments is perhaps not fully representative of lunar core
formation. Finally, lunar core formation has been shown
to easily account for the moderately siderophile element
abundances of lunar mare basalts (Rai and van Westrenen,
2014), and is a function of temperature and assumed core
sulfur content (Steenstra et al., 2016, 2020).

The Moon’s small size suggests that core segregation
may have been incomplete, similar to observations in some
achondrites displaying incomplete metal segregation (Elkins-
Tanton and Weiss, 2017). However, full crystallization
of the LMO could have occurred over 150–200 million
years after solar system formation (Borg et al., 2011, 2019;
Maurice et al., 2020). This extended timescale could
facilitate complete metal segregation into the lunar core,
especially in the context of a global LMO (Borg et al., 2011).
Recent arguments by Steenstra et al. (2020) support a high-

temperature origin for the Moon, potentially from a giant
impact, and a global LMO. Nevertheless, conflicting studies
suggest that KREEP crystallization, assumed to mark the
final stages of the LMO, occurred much earlier, around 4.43
to 4.51 billion years ago (Münker, 2010; Thiemens et al.,
2019; Greer et al., 2023; Nimmo et al., 2024; Dauphas
et al., 2025; Barboni et al., 2017). Additionally, Charlier
et al. (2018) proposed that the thin lunar crust indicates
a shallower LMO than previously thought, cooling over
a shorter period and hindering complete core segregation.
Efficient Fe-FeS metal segregation in a solid lunar mantle
would likely require a minimum of 5 vol% of liquid metal
(Yoshino et al., 2003; Ballhaus and Ellis, 1996; Holzheid
et al., 2000; Terasaki et al., 2008). However, the small
volume fraction of the lunar core and the high dihedral
wetting angle of Fe-S melts (Θ ∼ 80–100°) suggest that
the segregation threshold may not be reached in a solid
lunar mantle (Ghanbarzadeh et al., 2017; Duncan and
Fei, 2017). It is important to consider that most LMO
crystallization models assume a small fraction (1–3 %) of
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trapped interstitial silicate liquid in various LMO cumulates
(Snyder et al., 1992; Sprung et al., 2013; Fonseca et al.,
2014). However, Holzheid et al. (2000) noted that adding
silicate melt to a solid olivine-rich matrix minimally affects
the dihedral angle for Fe-S liquid. As such the presence of
trapped interstitial silicate melt is unlikely to have facilitated
efficient core segregation. Moreover, silicate melts wet
mineral surfaces far more effectively than metallic melts.
Consequently, if silicate melts were trapped, it is also likely
that a small fraction of Fe-S metallic melt was retained
within lunar mantle cumulates.

The question arises: could a portion of core metal have
remained trapped in the lunar mantle after LMO solidifi-
cation? This idea is appealing, suggesting that the lunar
mantle might retain some siderophile elements that would
otherwise be transferred entirely to the lunar core. However,
the ongoing debate over the Moon’s age and the timescale
of LMO crystallization leaves the issue of whether the
presumably metal-saturated lunar mantle is a by-product of
incomplete core segregation open to discussion. The extent
to which such liquids may segregate in more complex mineral
matrices remains poorly understood. Most studies have fo-
cused on the segregation of metallic melts in monomineralic
matrices like olivine (e.g., Gaetani and Grove, 1999; Berg
et al., 2017, 2018; Terasaki et al., 2008; Ghanbarzadeh
et al., 2017), or used proxies like hexagonal boron nitride
(h-BN) and MgO (Berg et al., 2018). Indeed, Beyer et al.
(2024) have recently shown that Fe-S melt migration in
polymineralic matrices is more complex than previously
assumed, and that the migration threshold for Fe-S liquids
is fairly matrix-dependent. The role of oxides, particularly
in ilmenite-bearing cumulates presumed to have crystallized
from the LMO, has not been thoroughly explored, except for
a single study by Brenan and Rose (2002) on the mobility of
sulfide liquids in a solid chromite matrix. This study found
that sulfide melts exhibit dihedral angles in chromite grain
surfaces below the segregation threshold of 60°. If applicable
to ilmenite-bearing cumulates, it suggests that lunar core
melts may have been mobile in some LMO cumulates but
not in others. Further investigation is needed to explore
these possibilities beyond speculation.

6 Conclusions

The geochemical and petrological characteristics of lunar
mare basalts are consistent with their formation by partial
melting of a lunar mantle that is metal-saturated. This
raised the initial question of whether the fO2 values derived
from lunar basalts are truly representative of their sources.
If the widely accepted estimate of the lunar mantle’s fO2 at
IW −1 is correct, which we argued earlier that it is, then equi-
librium thermodynamics dictates that the mantle sources
of both low- and high-Ti basalts must indeed have been
metal-saturated. Our modeling, coupled with partitioning
data, supports this conclusion, demonstrating that partial
melting of a lunar mantle with BSM-like siderophile element
contents can account for the observed range of HSE, Mo,
and W abundances in lunar mare basalts, provided that

the mantle contains approximately 0.1 wt% of Fe-S residual
metal. Importantly, our data show that W abundances in
lunar basalts are not reliable indicators of residual metal
in lunar mantle sources, as W remains incompatible and
exhibits low metal/silicate partitioning under lunar mantle
melting conditions.

The composition of this residual metal is also a key
consideration and a key question surrounding the possibility
of metal saturation of the lunar mantle. Our results suggest
that it likely contains around 10 wt% S, a value in agreement
with previous experimental studies (cf. Brenan et al., 2019)
and with estimates of the sulfur content of the lunar mantle
(70–160 µg g−1; cf. Chen et al., 2015; Hauri et al., 2015).
However, the presence of residual metal in lunar mantle
sources has broader implications, particularly regarding the
interplay between metal saturation and lunar core formation.
Given that core formation is expected to deplete the mantle
in siderophile elements, reconciling this process with a metal-
saturated mantle presents a challenge. If both processes
had acted in full, lunar mare basalts would likely be far more
depleted in siderophile elements than they appear to be. To
resolve this, we propose that the residual metal in the lunar
mantle represents a remnant of incomplete core formation.
If the lunar magma ocean crystallized rapidly, a small fraction
of core melts may have failed to efficiently percolate through
the increasingly solidified mantle cumulates, resulting in their
partial retention as a pinched-off core melt fraction.
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