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Mass-dependent Mo isotope fractionation has been investigated for a wide range of meteorites including
chondrites (enstatite, ordinary and carbonaceous chondrites), iron meteorites, and achondrites (eucrites,
angrites and martian meteorites), as well as for lunar and terrestrial samples. Magmatic iron meteorites
together with enstatite, ordinary and most carbonaceous chondrites define a common δ98/95Mo value of
−0.16 ± 0.02� (relative to the NIST SRM 3134 Mo standard), which is interpreted to reflect the Mo
isotope composition of bulk planetary bodies in the inner solar system. Heavy Mo isotope compositions
for IAB iron meteorites most likely reflect impact-induced evaporative losses of Mo from these meteorites.
Carbonaceous chondrites define an inverse correlation between δ98/95Mo and metal content, and a
positive correlation between δ98/95Mo and matrix abundance. These correlations are mainly defined by
CM and CK chondrites, and may reflect the heterogeneous distribution of an isotopically light metal
and/or an isotopically heavy matrix component in the formation region of carbonaceous chondrites.
Alternatively, the elevated δ98/95Mo of the CM and CK chondrites could result from the loss of volatile,
isotopically light Mo oxides, that formed under oxidized conditions typical for the formation of these
chondrites.
The Mo isotope compositions of samples derived from the silicate portion of differentiated planetary
bodies are heavy compared to the mean composition of chondrites and iron meteorites. This difference
is qualitatively consistent with experimental evidence for Mo isotope fractionation between metal and
silicate. The common δ98/95Mo values of −0.05 ± 0.03� of lunar samples derived from different
geochemical reservoirs indicate the absence of significant Mo isotope fractionation by silicate differentia-
tion or impact metamorphism/volatilization on the Moon. The most straightforward interpretation of the
Mo isotope composition of the lunar mantle corresponds to the formation of a lunar core at a metal–
silicate equilibration temperature of 1800 ± 200 ◦C. The investigated martian meteorites, angrites and
eucrites exhibit more variable Mo isotope compositions, which for several samples extend to values
above the maximum δ98/95Mo = +0.14� that can be associated with core formation. For these samples
post-core formation processes such as partial melting, metamorphism and in the case of meteorite finds
terrestrial weathering must have resulted in Mo isotope fractionation. Estimates of the metal–silicate
equilibration temperatures for Mars (2490± 770 ◦C) and the angrite parent body (1790 ± 230 ◦C) are thus
more uncertain than that derived for the Moon. Although the Mo isotope composition of the bulk silicate
Earth has not been determined as part of this study, a value of −0.16� < δ98/95Mo < 0 can be predicted
based on the chondrite and iron meteorite data and by assuming a reasonable temperature range for core
formation in the Earth. This estimate is in agreement with four analyzed basalt standards (−0.10 ± 0.10).
Improved application of mass-dependent Mo isotope fractionation to investigate core formation most of
all requires an improved understanding of potential Mo isotope fractionation during processes not related
to metal–silicate differentiation.
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1. Introduction

Mass-dependent isotope variations among meteorites and their
components have been reported for a variety of elements, in-
cluding S (Gao and Thiemens, 1993), Zn, Cu, and Ni (Luck et
al., 2005; Moynier et al., 2006), Cd (Wombacher et al., 2008), Cr
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(Moynier et al., 2011), Si (Armytage et al., 2011; Fitoussi et al.,
2009; Savage and Moynier, 2013), Ca (Simon and DePaolo, 2010),
and Sr (Charlier et al., 2012; Moynier et al., 2010; Patchett, 1980).
These isotopic variations have been interpreted to reflect frac-
tionation by condensation/evaporation in the nebula and subse-
quent uneven mixing of the fractionated nebular reservoirs and
their products, particularly Ca,Al-rich inclusions (Luck et al., 2005;
Moynier et al., 2010; Simon and DePaolo, 2010) or Si-bearing
metal (Savage and Moynier, 2013). More recently, mass-dependent
isotope fractionation has also been applied to investigate the con-
ditions of planetary core formation. For instance, the Si and Cr
isotope compositions of the bulk silicate Earth are fractionated
compared to primitive meteorites, and this has been interpreted to
indicate Si and Cr partitioning into the Earth’s core (Armytage et
al., 2011; Fitoussi et al., 2009; Georg et al., 2007; Hin et al., 2014;
Moynier et al., 2011; Shahar et al., 2011). Since the magnitude
of isotope fractionation depends on the temperature of metal–
silicate equilibration, such isotope studies can potentially provide
new constraints on the conditions of core formation.

Molybdenum is an interesting element to add to the studies
of mass-dependent isotope fractionation in meteoritic and plan-
etary materials. It is refractory and moderately siderophile, and
is composed of seven stable isotopes. Mass-independent (i.e., nu-
cleosynthetic) Mo isotope variations in meteorites and their com-
ponents are well documented and have been used to investi-
gate mixing processes in the solar nebula as well as genetic re-
lationships among meteorites and between meteorites and the
larger terrestrial planets (Burkhardt et al., 2011, 2012; Dauphas
et al., 2002, 2004). The elemental distribution of Mo in mete-
orites is dominated by its affinity for the metal phase, but also
by its highly refractory character leading to strong enrichments in
Ca,Al-rich inclusions (CAI). Although Mo is refractory under the
canonical conditions of the solar nebula, it is less enriched than
other highly refractory metals in some CAI from the Allende me-
teorite. This has been interpreted to reflect removal of volatile
Mo oxides formed in oxidizing environments (Fegley and Palme,
1985). During planetary differentiation, Mo preferentially parti-
tions into the core and is strongly depleted in the silicate man-
tle (e.g., Holzheid and Palme, 2007; Newsom and Palme, 1984;
Newsom, 1985, 1986; Righter et al., 1998; Wade et al., 2012;
Walter and Thibault, 1995). The magnitude of Mo depletion in
the mantle, therefore, can help to assess the pressure, temper-
ature and oxygen fugacity conditions of metal segregation dur-
ing planetary differentiation (e.g., Wood et al., 2006; Wade et al.,
2012).

So far little is known about mass-dependent Mo isotope
fractionation during high-temperature processes. This contrasts
with the large body of work on such fractionation during low-
temperature processes (e.g., Anbar, 2004). In a companion study
we have performed liquid-metal liquid-silicate experiments, which
demonstrate significant Mo isotope fractionation between metal
and silicate up to temperatures of ∼3000 ◦C (Hin et al., 2013). The
temperature dependence of this fractionation makes Mo isotopes a
tracer to investigate the temperature conditions during planetary
core formation.

Here, we present Mo stable isotope data for a variety of chon-
drites, achondrites, iron meteorites, and lunar samples. These data
are used to evaluate the nature and extent of mass-dependent Mo
isotope fractionation by solar nebula processes and during plane-
tary differentiation, and to assess whether Mo isotopes can serve
as a new tracer for core formation in the terrestrial planets.
2. Analytical methods

2.1. Sample preparation and Mo separation

The samples investigated for this study include eleven chon-
drites (CV, CM, CO, CR, CK, CB, ordinary and enstatite chondrites),
seven iron meteorites (IAB, IIAB, IIIAB, IVA, IVB), three angrites,
four eucrites, two martian meteorites, and five lunar samples.
In addition four terrestrial basaltic rock standards were analyzed
(BHVO-2, BIR-1, W-2a, DNC-1). Whereas the terrestrial rock stan-
dards were obtained as powders, all other samples were received
as small pieces. They were carefully cleaned with abrasive paper
and by sonication in distilled water and ethanol. Several of the
meteorite samples are desert finds (Dhofar007, DaG476, NWA4801,
NWA4590) and show signs of terrestrial alteration, such as oxi-
dation veins along cracks. When possible, obviously altered parts
of these samples were avoided. For NWA4801 this was not possi-
ble, however, and for this sample only the grain-size larger than
40 μm was used. All silicate-rich samples were powdered in an
agate mortar or mill. For the chondrites Daniel’s Kuil, Kernouvé, Al-
lende, Murchison-a and NWA801 aliquots from powders analyzed
previously for mass-independent (i.e., nucleosynthetic) Mo isotope
anomalies (Burkhardt et al., 2011) were used. The KREEP-rich sam-
ple 68115 is the remainder from a W isotope study (Touboul et al.,
2007), for which some metal was separated from the powder.

All samples were weighed into 60 ml Savillex beakers, spiked
with a 100Mo–97Mo tracer (Hin et al., 2013), and digested in HCl
(iron meteorites) or HF–HNO3–HClO4 (6:3:1) (silicate samples) at
180 ◦C on a hotplate for several days. This procedure ensured com-
plete spike-sample equilibration. Sample sizes were ∼50–100 mg
for iron meteorites, ∼200 mg for chondrites and ∼0.5–2 g for sili-
cate samples. After digestion, samples were dried and re-dissolved
in HNO3–H2O2 to attack any remaining organics. Molybdenum
was separated from the sample matrix using a three-stage ion
exchange procedure employing both anion and cation exchange
resins (Burkhardt et al., 2011). Molybdenum was first separated
from major elements using a cation exchange column (Bio-Rad
AG50W-X8) and 1 M HCl–0.1 M HF (see Patchett and Tatsumoto,
1980). Subsequently, any remaining Fe, Ni and a large part of the
Ru was separated from Mo on an anion exchange resin (Bio-Rad
AG1-X8) with 1 M HF, while Ti, Zr, Hf and W were eluted using
different HCl–HF mixtures (Kleine et al., 2004). Finally, Mo to-
gether with some remaining Ru is eluted using 3 M HNO3. The
remaining Ru is removed from the Mo fraction using TRU-Spec
resin conditioned in 7 M HNO3, followed by elution of Mo with
0.1 M HNO3. This last step was repeated using 1 M HCl and 0.1 M
HCl instead of 7 M HNO3 and 0.1 M HNO3, resulting in Ru/Mo
and Zr/Mo < 3 × 10−5 for most samples. Interference corrections
were thus generally <0.02�, and always <0.05� (Cape of Good
Hope). Total chemistry yields were 60–85%, highlighting the need
for double-spiking to obtain accurate mass-dependent Mo isotope
data. Total procedural blanks ranged from 0.3 to 0.9 ng Mo, and
were negligible for most samples. However, for some Mo-poor sil-
icate samples blank corrections were necessary (see Table 2).

2.2. Mass spectrometry and data reduction

Molybdenum isotope measurements were performed using a
NuInstruments Plasma1700 MC-ICP-MS at ETH Zürich and a Ther-
moScientific NeptunePlus MC-ICP-MS at the University of Mün-
ster. On both instruments all seven Mo isotopes were measured
simultaneously in static mode, as well as 90Zr (Zürich) or 91Zr
(Münster) and 99Ru to monitor potential isobaric interferences.
On the Nu1700, samples were introduced via a DSN-100 des-
olvator equipped with a PFA nebulizer having an uptake rate
of ∼140 μl/min. When normalized to a 100 μl/min uptake rate,
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Table 1
Molybdenum concentrations and isotope compositions of chondrites and iron meteorites.

Sample Na Mo
(μg/g)b

δ98/95Momeasured
c ε96Mo(7/5)

d δ98/95Mocorr
e

Chondrites
Karoonda CK4 5 1.43 0.04 ± 0.03 −1.11 ± 0.19 0.12 ± 0.04
Murchison-af CM2 5 1.19 −0.20 ± 0.03 −2.40 ± 0.09 −0.04 ± 0.06
Murchison-bf CM2 3 1.18 −0.04 ± 0.06 −1.53 ± 0.22 0.06 ± 0.08

Murchison mean CM2 0.00 ± 0.05
Kainsaz CO3 3 1.34 −0.18 ± 0.04 −1.05 ± 0.14 −0.11 ± 0.06
NWA2090 CO3 6 1.26 −0.15 ± 0.04 −0.30 ± 0.16 −0.13 ± 0.05

CO mean CO3 −0.13 ± 0.03
NWA801 CR2 5 1.63 −0.23 ± 0.04 −1.30 ± 0.07 −0.15 ± 0.06
Allende CV3 4 1.44 −0.26 ± 0.06 −1.24 ± 0.1 −0.18 ± 0.08
Gujba (metal) CB 6 5.27 −0.26 ± 0.04 −0.69 ± 0.07 −0.21 ± 0.05
Kernauvé H6 5 1.32 −0.17 ± 0.04 −0.19 ± 0.06 −0.16 ± 0.04
Nulles H6 5 1.69 −0.17 ± 0.02 −0.19 ± 0.06 −0.15 ± 0.02
Homestead L5 3 1.06 −0.17 ± 0.06 −0.19 ± 0.06 −0.16 ± 0.06
Daniel’s Kuil EL6 5 1.10 −0.19 ± 0.02 −0.17 ± 0.05 −0.18 ± 0.02

Iron meteorites
Odessa IAB 6 6.86 0.22 ± 0.02 0.09 ± 0.12 0.22 ± 0.03
Toluca IAB 8 6.23 −0.03 ± 0.03 0.09 ± 0.12 −0.03 ± 0.03
Caddo County IAB 5 6.77 −0.07 ± 0.04 0.09 ± 0.12 −0.08 ± 0.04
Negrillos IIAB 6 6.43 −0.17 ± 0.02 −0.34 ± 0.05 −0.14 ± 0.03
Henbury IIIAB 6 5.74 −0.15 ± 0.04 −0.30 ± 0.10 −0.13 ± 0.04
Gibeon IVA 5 5.47 −0.17 ± 0.04 −0.19 ± 0.08 −0.16 ± 0.04
Cape of Good Hope IVB 5 22.47 −0.25 ± 0.06 −0.74 ± 0.03 −0.20 ± 0.07

Average
(excl. CK, CM, IAB)

−0.16 ± 0.02

a Number of isotopic analyses.
b Relative uncertainty (2 s.d.) of measurement is <1%.
c Measured Mo isotope mass fractionation relative to the NIST SRM3134 Mo standard. Uncertainties correspond to two-sided 95% Student-t distributions (t0.95,n−1σ/

√
n).

d Nucleosynthetic ε96Mo isotope anomalies from unspiked measurements and internal normalization to 97Mo/95Mo = 0.602083; data from this study and Burkhardt et al.
(2011).

e Mo isotope mass fractionation corrected for nucleosynthetic effects using δ98/95Mocorrected = δ98/95Momeasured − ε96Mo(7/5)nucleosynthetic × 0.066. Uncertainties were prop-
agated assuming a 20% uncertainty on the correction.

f Data are from two different Murchison sample powders (Murchison-a and Murchison-b).
this setup resulted in a sensitivity of ∼180 V/ppm Mo. Sample
and standard measurements on the Nu1700 were usually per-
formed with 70–100 ppb solutions, yielding a total ion beam
intensity of ∼2 × 10−10 A. For measurements with the Neptune,
a Cetac AridusII desolvator equipped with a PFA nebulizer hav-
ing an uptake rate of ∼80 μl/min was used. When normalized to
a 100 μl/min uptake rate, this setup resulted in sensitivities be-
tween 250 and 430 V/ppm Mo, so that measurements were made
at lower concentrations (20–70 ppb Mo; ∼1–2.5 × 10−10 A to-
tal Mo ion beams) compared to those on the Nu1700. The Mo
isotope measurements generally consisted of 30 s baseline inte-
grations (made on-peak using the same 0.5 M HNO3–0.05 M HF
solution also used to prepare the sample solutions) and 40 iso-
tope ratio measurements of 5 s each. The sample measurements
were bracketed with measurements of the SRM3134 Mo standard
to monitor non-exponential drift in the instrument.

For measurements on the Nu1700, data reduction and calcu-
lation of δ98/95Mo values was performed following the geometri-
cally motivated iteration procedure for the double spike inversion
of Siebert et al. (2001). Data reduction of the data obtained on
the Neptune was made off-line using the “double-spike toolbox”
(Rudge et al., 2009), which employs MATLAB’s non-linear equa-
tion solving routine for the iteration. To ensure that both routines
yielded consistent results, some of the Nu1700 data were reduced
using the “double-spike toolbox” and some of the Neptune data
with the Siebert et al. (2001) iteration. Both methods yield identi-
cal results to within 0.005�.

The Mo isotope data are reported as δ98/95Momeasured values
relative to SRM3134 (see also Section 3.2). These were calculated
from the fractionation factor α given by the double spike inversion
and corrected for non-exponential fluctuations in the Mo isotope
measurements by subtracting the mean δ98/95Momeasured of brack-
eting double-spiked SRM3134 standard runs (δ98/95MobSRM) using

δ98/95Momeasured ≈ −1000α ln(m98/m95) − δ98/95MobSRM

where m98 and m95 are the atomic weights of 98Mo and 95Mo. Val-
ues for δ98/95MobSRM were generally below ±0.05�. The external
reproducibility of the SRM standard measurements over the course
of this study is 0.085� (2 s.d.) for the Nu1700 and 0.056� (2 s.d.)
for the Neptune.

3. Results

3.1. Mo concentrations

The Mo concentration and isotope data of chondrites and iron
meteorites are reported in Table 1 and the δ98/95Mo values are
plotted in Fig. 1. Data for silicate samples are given in Table 2 and
δ98/95Mo values are shown in Fig. 2. The Mo concentrations are
∼5–22 ppm in iron meteorites, ∼1.1–1.7 ppm in chondrites and
∼2–240 ppb in extraterrestrial silicate-rich samples, highlighting
the siderophile character of Mo. Among the latter, angrites tend to
have the highest Mo concentrations of ∼100–240 ppb, while the
eucrite sample Stannern-a exhibits the lowest concentration with
only ∼2 ppb Mo. The Mo concentrations obtained in the present
study agree to within ∼5% with the values reported in Burkhardt
et al. (2011) for the same powders/samples. For the angrite NWA
4801 a ∼30% lower concentration was determined here compared
to our previous work (Burkhardt et al., 2011), and this most likely
reflects that the grain size fraction <40 μm was excluded from
the analysis in this study. The range of Mo concentrations deter-
mined here for eucrites is similar to that obtained in a previous
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Table 2
Molybdenum concentrations and isotope compositions of terrestrial basalts, lunar samples and basaltic achondrites.

Sample Na Mo
(ng/g)b

δ98/95Momeasured δ98/95Moblank corrected
c �98/95Mobulk-silicate

d

Terrestrial basalts
BHVO-2 Hawaii basalt 23 ∼4550 −0.06 ± 0.03 −0.06 ± 0.03 −0.10 ± 0.04
W-2a Virginia diabase 2 393 −0.05 ± 0.06 −0.05 ± 0.06 −0.11 ± 0.06
DNC-1 N-Carolina ol-dolerite 2 121 −0.18 ± 0.06 −0.18 ± 0.06 0.02 ± 0.06
BIR-1 Iceland ol-tholeite 4 32 −0.11 ± 0.03 −0.11 ± 0.03 −0.05 ± 0.04

Basalt mean −0.10 ± 0.10 −0.10 ± 0.10 −0.06 ± 0.10

Moon
12004.142 Low-Ti Marebasalt 2 41 −0.09 ± 0.03 −0.06 ± 0.04 −0.10 ± 0.04
15499.159 Low-Ti Marebasalt 1 25 −0.01 ± 0.10 −0.06 ± 0.12 −0.10 ± 0.13
15556.203 Low-Ti Marebasalt 1 16 0.04 ± 0.13 −0.04 ± 0.17 −0.12 ± 0.17
74275.32 High-Ti Marebasalt 1 50 0.01 ± 0.10 −0.01 ± 0.11 −0.15 ± 0.12
68115.112 KREEP-rich breccia 2 83 −0.10 ± 0.03 −0.08 ± 0.03 −0.08 ± 0.04

Moon mean −0.03 ± 0.07 −0.05 ± 0.03 −0.11 ± 0.04

Mars
DAG476 Shergottite 2 53 0.43 ± 0.06 0.44 ± 0.06 −0.60 ± 0.07
Zagami Shergottite 3 50 −0.09 ± 0.07 −0.10 ± 0.07 −0.06 ± 0.07

Angrites
NWA4801 Angrite 2 100 0.49 ± 0.02 0.50 ± 0.02 −0.66 ± 0.03
D’Orbigny Angrite 6 136 −0.05 ± 0.04 −0.05 ± 0.04 −0.11 ± 0.05
NWA4590 Angrite 3 243 −0.14 ± 0.04 −0.14 ± 0.04 −0.02 ± 0.04

Eucrites
Millbillillie Monomict eucrite 6 7 0.16 ± 0.08 0.24 ± 0.12 −0.40 ± 0.12
Stannern-a Monomict eucrite 2 2 −0.49 ± 0.37 −0.22 ± 0.51 0.06 ± 0.51
Stannern-b Monomict eucrite 2 11 −0.34 ± 0.05 −0.39 ± 0.07 0.23 ± 0.07

Stannern mean −0.30 ± 0.34 0.14 ± 0.34
Béreba Monomict eucrite 1 3 0.90 ± 0.24 0.92 ± 0.25 −1.08 ± 0.25
Dhofar 007 Cumulate eucrite 4 83 0.26 ± 0.04 0.27 ± 0.04 −0.43 ± 0.05

a Number of isotopic analyses.
b Relative uncertainty (2 s.d.) of measurement is <1%.
c Blank corrected Mo isotope mass fractionation relative to the NIST SRM3134 Mo standard. Blank compositions ranged from −0.7±0.3 (2 s.e.) to 1.0±0.4�. Uncertainties

correspond to two-sided 95% Student-t distributions (t0.95,n−1σ/
√

n) for (n � 3) or 2 SE (for n < 3) and include a propagated uncertainty of 50% assumed for the blank
correction.

d �98/95Mobulk-silicate = δ98/95Mobulk − δ98/95Mosilicate .
Fig. 1. Mo stable isotope composition of chondrites and iron meteorites. δ98/95Mo
calculated relative to the SRM3134 Mo standard and corrected for nucleosynthetic
anomalies. Magmatic iron meteorites, enstatite chondrites and ordinary chondrites
exhibit a common δ98/95Mo averaging at −0.16 ± 0.02�. Carbonaceous chondrites
have more variable δ98/95Mo, but only the Mo isotope composition of the CM and
CK chondrites is significantly heavier compared to that of the magmatic irons, en-
statite and ordinary chondrites.

Fig. 2. Mo stable isotope composition of samples derived from the silicate portion
of differentiated planetary bodies. δ98/95Mo calculated relative to the SRM3134 Mo
standard. Most samples exhibit a heavier Mo isotope composition compared to the
chondrite–iron meteorite average, which defines the bulk composition of their par-
ent bodies (gray bar at δ98/95Mo = −0.16 ± 0.02�). Stan. = Stannern. Béreba plots
at δ98/95Mo = 0.92.
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study of eucrites (Newsom, 1985). However, for a given sample
the values often vary considerably between and within the stud-
ies, indicating heterogeneities (nugget effect) on the sampling scale
for these rocks. The lunar samples have Mo concentrations at the
lower end of previously reported values (Newsom, 1986). For low-
Ti mare basalt 12004 the Mo concentration is about three times
lower than that determined by Neal (2001) using another fragment
of this rock, and this also is presumably due to sample heterogene-
ity. Note that the Mo concentration of 44 ppb obtained for the
KREEP-rich highland breccia 68115 is only a lower limit because a
metal fraction was removed from this sample in a previous study
(Touboul et al., 2007).

We have also analyzed four international rock standards and
for three of them (BIR-1, DNC-1, W-2a) report the first high-
precision Mo concentration data. The BHVO-2 basalt standard was
digested five times and each of these digestions was analyzed mul-
tiple times. The measured Mo concentrations range from 3.84 to
5.46 ppm, indicating substantial sample heterogeneity even in the
BHVO-2 powder. The average concentration of 4.55 ppm obtained
from the five independent digestions agrees with literature values
(∼4 ppm) as reported in the GeoReM database.

3.2. Mo isotope data and δ98/95Mo values

The Mo isotope data are given as δ98/95Mo values calculated
relative to the NIST SRM3134 Mo standard, where δ98/95Momeasured
represents the measured isotope fractionation as defined above,
while δ98/95Mocorrected is the purely mass-dependent isotope frac-
tionation obtained after correction for mass-independent (i.e., nu-
cleosynthetic) isotope anomalies. The double spike inversion of
a sample run calculates iteratively a fractionation factor α rel-
ative to the SRM3134 standard by assuming that the difference
in the isotopic composition of the sample and the standard is
entirely mass-dependent. However, for samples having nucleosyn-
thetic Mo isotope anomalies, such as iron meteorites and chon-
drites (Burkhardt et al., 2011; Dauphas et al., 2002), this routine
leads to false α values and thus to incorrect δ98/95Mo. Therefore,
the contributions of mass-dependent and nucleosynthetic effects
to the Mo isotope abundances must be separated. In other words,
δ98/95Momeasured must be corrected for nucleosynthetic effects to
obtain the purely mass-dependent Mo isotope fractionation. Al-
though separating mass-dependent and mass-independent contri-
butions can be problematic in some cases (e.g., Niederer et al.,
1985), it is straightforward for Mo. This is because both contri-
butions are small (see supplementary material for details), and
because it is known which Mo isotopes are affected by mass-
independent effects. The latter is known from the comparison of
observed Mo isotope anomalies with astrophysical neutron cap-
ture models (for details see Burkhardt et al., 2011). To correct for
the effects of nucleosynthetic Mo isotope anomalies on measured
δ98/95Mo values, the Mo isotope composition of the unspiked sam-
ples must be known. For most samples this information was al-
ready available from our previous Mo isotope study (Burkhardt
et al., 2011), but for the chondrites Karoonda, Murchison-b and
Kainsaz Mo isotope measurements on unspiked aliquots were per-
formed in the present study (data and procedures in the supple-
mentary material).

The effects of nucleosynthetic isotope anomalies can be cor-
rected using two different approaches. The first uses the Mo iso-
tope compositions of the samples determined in an unspiked anal-
ysis instead of that of the SRM3134 standard in the double spike
inversion to obtain “absolute” isotope abundances of the sam-
ples (e.g., Niederer et al., 1985). Normalizing those abundances
to the ones of the SRM3134 standard and subtracting the mass-
independent effect then gives the pure mass-dependent fractiona-
tion. In the second approach the δ98/95Momeasured values obtained
from the double spike inversion using the SRM3134 standard com-
position are subsequently corrected using the independently mea-
sured nucleosynthetic isotope anomalies by the following equa-
tion:

δ98/95Mocorrected = δ98/95Momeasured − ε96Mo(7/5)nucleosynthetic

× 0.066

where ε96Mo(7/5)nucleosynthetic is the nucleosynthetic anomaly for
ε96Mo (normalized to 97Mo/95Mo). This equation was derived by
modeling the effects of nucleosynthetic s-process anomalies (using
s-process abundances from the stellar model of Arlandini et al.,
1999) on the measured δ98/95Mo values. Both correction methods
were tested and yield identical results (see supplementary material
for a detailed discussion).

Table 1 summarizes the δ98/95Momeasured values obtained by us-
ing the SRM3134 composition in the double spike inversion, and
the δ98/95Mocorrected values corrected for nucleosynthetic Mo iso-
tope anomalies. The largest correction of 0.16� was necessary for
sample Murchison-a, which was corrected using the nucleosyn-
thetic anomaly measured by Burkhardt et al. (2011) in a separate
digestion of the same powder. A different powder of Murchison
(Murchison-b), for which spiked and unspiked data were obtained
in the present study, gave a slightly heavier δ98/95Momeasured, but
also required a smaller correction for nucleosynthetic isotope vari-
ations of ∼0.10�. The resulting δ98/95Mocorrected values of the two
Murchison samples agree very well, demonstrating the robustness
of the correction procedure. We note, however, that for analyses
of primitive chondrites it would be best to obtain unspiked and
spiked data from aliquots of a single sample dissolution. After cor-
rection, most chondrites and iron meteorites have indistinguishable
δ98/95Mo values averaging at −0.16±0.02� (95% c.i., n = 12), and
only the CK and CM chondrites as well as the IAB meteorites ex-
hibit slightly heavier Mo isotope compositions.

No corrections for nucleosynthetic Mo isotope anomalies were
necessary for the achondrites and lunar samples, because no
resolvable nucleosynthetic Mo isotope anomalies were observed
(angrites, martian meteorites) or are expected (eucrites, lunar sam-
ples) for these samples (Burkhardt et al., 2011). The lunar samples
have indistinguishable Mo isotope compositions and define a mean
δ98/95Mo of −0.05 ± 0.03�, significantly heavier than the mean
value for chondrites and iron meteorites. The martian meteorites,
angrites and eucrites exhibit more variable δ98/95Mo values rang-
ing from near chondritic (Zagami, NWA 4590, D’Orbigny, Stannern)
to very heavy Mo isotope compositions (DaG 476, NWA 4801, Dho-
far 007, Béreba, Millbillillie). The terrestrial rock standards exhibit
a more restricted range in δ98/95Mo values, which vary between
the chondritic composition and slightly heavier values of up to
−0.05�. Note that the δ98/95Mo value of BHVO-2 is well defined
(−0.06 ± 0.03�), indicating that the variable Mo concentrations
observed among powder aliquots do not influence measured Mo
isotope compositions.

4. Discussion

The new Mo isotope data reveal substantial mass-dependent
Mo isotope fractionation among meteorites and lunar and ter-
restrial samples. Whereas most iron meteorites and chondrites
are characterized by uniform δ98/95Mo values (note that in the
following we omit subscripts on δ98/95Mo, but always refer to
the corrected values) most of the investigated silicate-rich sam-
ples exhibit heavier Mo isotope compositions. Qualitatively, this is
consistent with evidence from metal–silicate equilibration exper-
iments, which demonstrate that silicates are isotopically heavier
than coexisting metal (Hin et al., 2013). Thus, the heavy Mo iso-
tope compositions at least in part seem to result from core for-
mation. However, the variable and sometimes very high δ98/95Mo
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Fig. 3. The stable Mo isotope composition of carbonaceous chondrites is roughly correlated with (a) metal and (b) matrix abundances. Black line in (a) represents mixing of
isotopically heavy silicates (δ98/95Mo = 0.15) with light metal (δ98/95Mo = −0.18) and assuming Mometal/Mosilicate = 250; dashed line in (b) represents mixing of isotopically
heavy matrix (δ98/95Mo = 0.70) with light non-matrix component (δ98/95Mo = −0.20) and assuming Momatrix/Monon-matrix = 0.11. Metal and matrix abundances from Krot
et al. (2007).
values observed for some of the achondrites, the IAB irons, and the
CM and CK chondrites cannot be interpreted as signatures of core
formation, indicating that other processes also resulted in mass-
dependent Mo isotope fractionation. Below we discuss potential
mechanisms of Mo isotope fractionation in the solar nebula and
on meteorite parent bodies, define the δ98/95Mo of bulk planetary
bodies in the inner solar system, and explore the magnitude and
direction of Mo isotope fractionation during planetary differentia-
tion.

4.1. Molybdenum stable isotope behavior in the solar nebula

All but two of the investigated chondrites have indistinguish-
able δ98/95Mo values, regardless of their class (EC, OC, CC) and
petrologic type (2–6). This implies that processes on the chon-
drite parent bodies, such as aqueous alteration and thermal meta-
morphism did not result in significant Mo isotope fractionation.
However, the CM and CK chondrites exhibit much higher δ98/95Mo
than all other chondrites investigated in this study, implying that
processes within the solar nebula resulted in mass-dependent Mo
isotope fractionation.

According to the kinetic theory of gases, condensation re-
sults in light isotope enrichments in the condensing phase, while
the remaining gas will be progressively enriched in heavy iso-
topes (Chapman and Cowling, 1970). Thus, condensed Mo metal
is expected to be isotopically light. For instance, assuming a
gas consisting of Mo and H2, a Mo isotope fractionation of
∼0.3� can be estimated between gas and Mo condensate, us-
ing α98/95 ≈ (μ98/μ95)

1/2 with μ98 and μ95 being the reduced
masses (m98Mo ×mH2 )/(m98Mo +mH2 ) and (m95Mo ×mH2 )/(m95Mo +
mH2 ), respectively. Furthermore, experimental evidence suggests
that silicates are heavier than coexisting metals (Hin et al., 2013).
Thus, among the phases formed in the solar nebula, Mo metal pre-
sumably exhibits the lowest δ98/95Mo. Given that most of the Mo
probably condensed as metal, a heterogeneous distribution of this
metal could potentially be responsible for the δ98/95Mo variations
among chondrites. The chondrites indeed exhibit an inverse corre-
lation between δ98/95Mo and metal content (Fig. 3). The CK and
CM chondrites have the lowest metal contents and the highest
δ98/95Mo among the chondrites, which is consistent with a deficit
in isotopically light Mo metal. However, a heterogeneous distribu-
tion of Mo-rich metal would also result in variable Mo contents
among the different chondrites, and also in a correlation between
δ98/95Mo and Mo content. This is illustrated by calculating a mix-
ing curve between presumed metal and silicate end members,
Fig. 4. δ98/95Mo vs. Mo content of chondrites. Symbols as in Fig. 1. Calculated
mixing lines between metal and silicate (black line) and matrix and non-matrix
components (dashed line) are the same as in Fig. 3. The mixing lines do not repro-
duce the variable Mo concentration of chondrites, indicating that simple mixing is
not the sole cause of the observed Mo isotope variations. In contrast, Rayleigh frac-
tionation (gray line) can account for both, the spread in δ98/95Mo observed among
the investigated chondrites and the near constant Mo contents of the bulk chon-
drites (note that for CB chondrites only the metal was analyzed).

which show that a heterogeneous distribution of Mo-rich metal
cannot easily account for the variable δ98/95Mo and near constant
Mo contents observed for chondrites (Fig. 4). It is noteworthy that
Karoonda (CK4) exhibits the highest δ98/95Mo among chondrites
and also has one of the highest Mo contents. This is not easily
reconciled with a deficit of isotopically light (and presumably Mo-
rich) metal as the sole origin of the heavy Mo isotope composition
of the CK (and CM) chondrites. One reason that the Mo concentra-
tion, metal abundance and Mo isotopic composition of chondrites
cannot be easily fitted by simple two component mixing calcula-
tions might be that the Mo content of the metal and silicate matrix
phases changes as the meteorites get more oxidized.

Fig. 3 illustrates that δ98/95Mo of the chondrites is not only
correlated with metal content, but also with the abundance of
matrix. Thus, the Mo isotope variations observed among the chon-
drites could in principle also reflect mixing with a matrix compo-
nent characterized by a heavy Mo isotope composition. However,
as for the mixing of metal and silicate, such mixing calculations
cannot easily account for the near constant Mo contents of the
chondrites (Fig. 4). In any case, the origin of the putative matrix-
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component remains enigmatic, making this model difficult to test.
Clearly, Mo isotope analyses of matrix-rich samples and chondrite
metals would be important to assess the role of these components
in defining the bulk δ98/95Mo of chondrites.

Although Mo is highly refractory under reduced conditions,
it becomes increasingly volatile in more oxidized environments
(Fegley and Palme, 1985). Thus, the Mo isotope variations among
chondrites could potentially also result from evaporative loss of
volatile Mo oxides. The latter are expected to be isotopically light,
such that an evaporative loss of Mo would leave behind a heavier
residue. It is noteworthy that the CK and CM chondrites formed
under more oxidized conditions than the other chondrites investi-
gated for this study, and as such may have lost a larger fraction of
volatile Mo oxides. This is, at least in a qualitative sense, consis-
tent with the fact that these two chondrites exhibit the heaviest
Mo isotope composition among the investigated chondrites. The
isotopic effects of evaporative losses of Mo can be evaluated us-
ing the Rayleigh fractionation equation

R = R0 · f α−1

where R is the isotopic ratio (here 98Mo/95Mo), R0 is the initial ra-
tio, f is the fraction of Mo remaining, and α = (m95MoO2/

m98MoO2 )
1/2 is the fractionation factor, assuming that MoO2 is the

main volatile species. Using this equation it can be shown that the
δ98/95Mo value is changed by ∼0.3� while only ∼3% of the Mo
is lost. Thus, Rayleigh fractionation can account for the spread in
δ98/95Mo observed among the investigated chondrites without sig-
nificantly affecting the Mo content of the bulk chondrites, and as
such is consistent with the observed Mo isotope systematics of the
chondrites (Fig. 4).

In summary, the variable Mo isotope compositions of carbona-
ceous chondrites most likely reflect mass-dependent Mo isotope
fractionation in the solar nebula, but the processes responsible for
this fractionation remain poorly constrained. The two most likely
causes are (i) heterogeneous distribution of an isotopically light
metal or an isotopically heavy matrix component, and (ii) evap-
orative losses of isotopically light Mo oxides under oxidized con-
ditions. Clearly, the investigation of mass-dependent Mo isotope
fractionation between different chondrite components will be im-
portant for identifying the origins of the variable δ98/95Mo in bulk
carbonaceous chondrites.

4.2. Bulk δ98/95Mo of the inner solar system

An intriguing observation from the Mo isotope data is that the
ordinary, enstatite and most of the carbonaceous chondrites exhibit
a common Mo isotope composition that is also indistinguishable
from that of magmatic iron meteorites. Owing to its siderophile
character, the majority of the Mo resides in the metallic core of
planetary bodies, such that the δ98/95Mo of the iron meteorites
closely approximate that of the bulk parent body. This can be il-
lustrated by simple mass balance, which requires that

δ98/95Mocore = δ98/95Mobulk + Xmantle/(1 − Xmantle)

× 1/DMo
(
δ98/95Mobulk − δ98/95Momantle

)

where DMo is the metal–silicate partition coefficient. Since the Mo
isotope fractionation between metal and silicate during core for-
mation is expected to be small (<0.3� at temperatures >1000 ◦C;
Hin et al., 2013), and assuming a mass fraction of the mantle
of Xmantle = 0.68, mass balance indicates that for DMo > 20 the
δ98/95Mo values of the bulk body and that of the core are indistin-
guishable at the current level of analytical precision (i.e., ±0.02�
δ98/95Mo) (Fig. 5). Given that DMo is likely >100 (e.g., Palme and
O’Neill, 2003), the δ98/95Mo of the magmatic iron meteorites must
Fig. 5. δ98/95Mo vs. metal–silicate partition coefficient (DMo). Within the current
uncertainty of the Mo isotope measurements of 0.02� the Mo isotope composition
of the metal core is indistinguishable from that of the bulk body, if DMo>20.

reflect those of their parent bodies. The common δ98/95Mo of mag-
matic irons, enstatite, ordinary, and most carbonaceous chondrites,
therefore, indicates that bulk planetary bodies in the inner solar
system are characterized by a homogeneous Mo isotope composi-
tion, which is given by the mean δ98/95Mobulk of −0.16 ± 0.02�
(95% c.i.) of these samples.

4.3. IAB iron meteorites and impact-induced Mo isotope fractionation

The IAB iron meteorites exhibit a heavier and more variable
Mo isotope composition compared to other iron meteorites. This is
consistent with the classification of this group as ‘non-magmatic’
iron meteorites (Wasson, 1985), indicating that they likely formed
by other processes than the magmatic irons and do not repre-
sent pristine samples of crystallized asteroidal core material. Sev-
eral formation models have been proposed for the IAB irons in-
cluding formation in impact melt pools, disruption and reassem-
bly of a partially differentiated parent body, and crystallization
of a S-rich metal melt (Benedix et al., 2000; Choi et al., 1995;
Kracher, 1985). Most of these models have in common that im-
pact processes played a dominant role in the genesis of IAB irons.
This is consistent with the Mo isotope data, because the heavy and
variable Mo isotope compositions of the IAB irons can readily be
explained by evaporative losses of isotopically light Mo during en-
ergetic impact processes. This is in line with light and variable Ge
isotope compositions (Luais, 2007) and a negative correlation be-
tween δ66Zn and Zn concentrations (Chen et al., 2013) in IAB irons,
which were also interpreted to reflect evaporative losses during
impacts. As shown in Section 4.1, Mo losses of less than a few
percent are sufficient to account for the observations. In contrast,
the segregation of a S-rich core is more difficult to reconcile with
the heavy and variable Mo isotope compositions, because all mag-
matic irons show homogeneous Mo isotope compositions, in spite
of their variable S contents. The Mo isotope data, therefore, pro-
vide additional support for the hypothesis that the non-magmatic
irons formed by fundamentally different processes than magmatic
iron meteorites.

4.4. Mo isotope fractionation during planetary core formation

The δ98/95Mo representative of the bulk silicate portion of a
differentiated planetary body in conjunction with the experimen-
tal determination of the equilibrium fractionation between liquid
metal and liquid silicate (Hin et al., 2013) can be used to con-
strain the temperature of metal–silicate segregation during plane-
tary differentiation. This approach assumes complete metal–silicate
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equilibrium and quantitative metal segregation during core forma-
tion. The latter is required because if significant amounts of metal
had remained in the silicate mantle, then the Mo isotope compo-
sition of the mantle would entirely be dominated by the metal.
At least for the terrestrial planets, efficient metal segregation al-
most certainly occurred. This is because accretion of the terrestrial
planets is thought to have involved several giant impacts, which
released sufficient energy to cause global melting, facilitating ef-
ficient metal–silicate segregation in a magma ocean (Rubie et al.,
2007; Stevenson, 2008).

The temperature (in Kelvin) of metal–silicate equilibration can
be calculated from the Mo isotope data using:

T = √[
(−4.70 ± 0.59) × 105/�98/95Mometal–silicate

]

(Hin et al., 2013), where �98/95Mometal–silicate is the difference
between the Mo isotope composition of the metal core and the
silicate mantle,

�98/95Mometal–silicate = δ98/95Mocore − δ98/95Momantle

which for mass-balance reasons (see above) is approximately the
same as:

�98/95Mobulk-silicate = δ98/95Mobulk − δ98/95Momantle

Based on chondrite and iron meteorite data, the Mo isotope com-
position of bulk planetary bodies is δ98/95Mobulk = −0.16±0.02�,
and so determining δ98/95Momantle, i.e., the Mo isotope composi-
tion characteristic for the bulk silicate portion of a planetary body,
would allow determining an average temperature of metal–silicate
equilibration.

From the above equation it follows that �98/95Mobulk-silicate is
∼0.3� at T = 1000 ◦C (i.e., the minimum temperature for core
formation, for which at least the metal must be molten) and de-
creases with increasing temperature of metal–silicate equilibration.
Thus, the largest equilibrium Mo isotope fractionation that can be
associated with core formation is ∼0.3� (assuming single stage
core formation and a chondritic parent body). Consequently, if
δ98/95Mobulk = −0.16�, then the δ98/95Momantle value character-
istic for the bulk silicate portion of a differentiated body can at
most be +0.14�. However, several of the differentiated achon-
drites analyzed for this study (eucrites, angrite NWA 4801, sher-
gottite DaG 476) exhibit more elevated δ98/95Mo values than this
maximum δ98/95Mo permitted for a core formation signature, indi-
cating that their Mo isotope composition does not only reflect core
formation, but has been modified by other processes.

4.4.1. Moon
The five lunar samples analyzed for the present study have in-

distinguishable Mo isotope compositions averaging at δ98/95Mo =
−0.05 ± 0.03� (95% c.i., n = 5). The samples derive from differ-
ent lunar geochemical reservoirs (low-Ti and high-Ti mare basalts,
KREEP) and formed by different magmatic processes on the Moon.
Their homogeneous δ98/95Mo indicates that Mo isotope fractiona-
tion during igneous processes on the Moon was minor to absent.
The δ98/95Mo of the lunar samples can thus be assumed to repre-
sent that of the bulk silicate Moon.

The interpretation of the bulk lunar δ98/95Mo in terms of core
formation is complicated, however, because the Moon has non-
chondritic abundances of refractory siderophile elements (such
as Mo) and may have lost some elements by volatilization dur-
ing impact. According to the giant impact hypothesis, the Moon
predominantly consists of silicate mantle material derived from
the impactor (Canup, 2004) and/or the proto-Earth (Canup, 2012;
Cuk and Stewart, 2012; Reufer et al., 2012). The precursor material
of the Moon, therefore, had already undergone core formation and
as such might have had an already fractionated Mo isotope com-
position. However, there is strong evidence that the Moon has a
metallic core (Weber et al., 2011) and numerical simulations of the
Moon-forming impact suggest that some impactor core material
was remixed with the mantle material and was ultimately included
into the Moon (Canup, 2004). This core material almost certainly
had chondritic δ98/95Mo and, owing to the strongly siderophile
character of Mo, was strongly enriched in Mo. The Mo isotope
composition of the bulk Moon, therefore, most likely was domi-
nated by this core component and hence had chondritic δ98/95Mo.

It is more difficult to assess whether the lunar Mo isotope data
have been affected by volatilization of Mo during the giant im-
pact (O’Neill, 1991). The evaporation of Mo might have caused
a preferential loss of isotopically light Mo from the Moon, but
more volatile and lighter elements such as Li (Magna et al., 2006),
K (Humayun and Clayton, 1995) and Si (Armytage et al., 2012;
Fitoussi and Bourdon, 2012) do not show significant isotopic frac-
tionation between the Earth and Moon. Thus, although isotopic
fractionation associated with evaporative losses of Mo from the
Moon cannot be excluded, there is currently no supportive isotopic
evidence for such a scenario.

The most straightforward interpretation of the lunar Mo iso-
tope data is that the bulk lunar δ98/95Mo is a signature of core
formation. If this is correct, then the lunar mantle is characterized
by �98/95Mobulk-silicate = −0.11 ± 0.04�, which would translate to
a metal–silicate equilibration temperature of 1800 ± 200 ◦C. This
temperature estimate is in good agreement with independent es-
timates based on the partitioning of siderophile elements (Righter,
2002), demonstrating the potential of Mo isotopes as a new tool to
constrain the (temperature) conditions of core formation.

4.4.2. Mars and differentiated asteroids
To investigate potential mass-dependent Mo isotope fraction-

ation during core formation in Mars and the parent bodies of
differentiated achondrites (angrites, eucrites), we analyzed two
shergottites (Zagami, DaG 476), three angrites (NWA 4801, NWA
4590, D’Orbigny) and four eucrites (Stannern, Bereba, Millbillillie,
Dhofar 007). Among these samples, three (NWA 4801, DaG 476,
Bereba) exhibit very heavy Mo isotope compositions, which are
well above the threshold of δ98/95Mo = +0.14� for signatures
of core formation (see above). Both NWA 4801 and DaG 476 are
desert finds and, hence, their Mo isotope compositions may be af-
fected by terrestrial weathering. In oxidizing environments such as
the Earth’s surface, Mo is easily mobilized as molybdate oxyanions,
and weathering has indeed been shown to fractionate Mo isotopes
(Goldberg et al., 2009). A study of the Mo isotope composition
of major rivers indicates a net enrichment in heavy Mo isotopes
during weathering of crustal rocks (Archer and Vance, 2008). It is
likely that similar processes occurred during terrestrial weathering
of meteorites. However, the multitude of reactions involved (ad-
sorption and desorption reactions on multiple phases; flux of Mo
ions in and out of the meteorite) does not allow predictions about
the magnitude and direction of Mo isotope fractionation in these
rocks, without analyzing specifically the alteration phases. In any
case, the heavy Mo isotope composition of Béreba, and also that of
Millbillillie – both observed meteorite falls – are unlikely caused
by terrestrial weathering, indicating that their δ98/95Mo values re-
flect processes on the eucrite parent body. Note that the δ98/95Mo
values of these eucrites (and that of Dhofar 007) are too high to
be the sole result of core formation. Thus, partial melting and/or
impact and thermal metamorphism may be responsible for the el-
evated and variable δ98/95Mo of the eucrites. Note that eucrites
experienced a complex probably fluid-driven and metal-forming
thermal metamorphism (Warren et al., 2013). This highlights that
using Mo isotopes as a tracer of core formation requires a detailed
understanding of any post-core formation Mo isotope fractionation.
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The δ98/95Mo of −0.10 ± 0.07 for Zagami is slightly heavier
than, albeit not resolved from chondrites and would translate into
a metal–silicate equilibration temperature of 2490 ± 770 ◦C, which
given its relatively large uncertainty is in acceptable agreement
with a core formation temperature of 1830 ± 200 ◦C that has been
estimated based on the depletions of siderophile elements in the
martian mantle (Righter and Chabot, 2011). However, given the ev-
idence for post-core formation Mo isotope fractionation in eucrites,
the δ98/95Mo value of Zagami may not solely result from core for-
mation.

All three investigated angrites are finds, such that terres-
trial weathering may have affected their Mo isotope composi-
tions. However, D’Orbigny appears to be very fresh (Grossman
and Zipfel, 2001) and was not subjected to the prolonged desert
weathering that has affected NWA 4590 and NWA 4801. The
�98/95Mobulk-silicate of D’Orbigny is −0.11 ± 0.05�, which trans-
lates to a metal–silicate equilibration temperature of 1790±230 ◦C.
This temperature agrees with estimates inferred using siderophile
element depletions (Shirai et al., 2009) and is well above the peri-
dotite liquidus for even the largest asteroids (Agee, 1997) and
thus indicates core formation by efficient metal–silicate separa-
tion and metal segregation during large-scale melting. This in turn
is consistent with the early timing of core formation as deduced
from Hf–W data, indicating that at the time of parent body ac-
cretion 26Al was sufficiently abundant to cause melting (Kleine et
al., 2012), and with the presence of a core-dynamo for at least
∼10 Myr (Weiss et al., 2008).

4.4.3. Earth
The four terrestrial samples investigated in this study have

δ98/95Mo values ranging from chondritic (Dolerite DNC-1, δ98/95Mo
= −0.18 ± 0.06�) to values ∼0.1� heavier than the bulk
δ98/95Mo of inner solar system bodies, averaging at −0.1 ± 0.1�
(2 s.d.). Siebert et al. (2003) reported Mo isotope data for sev-
eral subduction-related volcanic rocks from Kamchatka and for
Himalayan granites. Renormalizing their data to the SRM3134 stan-
dard using the conversion of Greber et al. (2012) gives a mean
δ98/95Mo = −0.17 ± 0.22 (2 s.d.), within the range of Mo iso-
tope compositions for terrestrial samples obtained in the present
study. More recently, Liang et al. (2013) reported Mo isotope data
for a suite of mafic and ultramafic rocks and on the basis of
these data argued that the δ98/95Mo of the bulk silicate Earth is
+0.38±0.15� (relative to SRM3134). However, this value is above
the maximum δ98/95Mo = +0.14� permissible for core formation
and, therefore, cannot easily represent the Mo isotope composition
of the bulk silicate Earth. Collectively, the available Mo isotope
data for terrestrial igneous rocks indicate that there are mass-
dependent Mo isotope variations of more than ∼0.1� among
terrestrial igneous rocks, making it difficult to precisely estimate
the δ98/95Mo characteristic for the bulk silicate Earth. However,
based on the bulk Earth δ98/95Mo = −0.16±0.02� inferred in the
present study, the experimentally determined Mo isotope fraction-
ation factor between metal and silicate from Hin et al. (2013), and
independent estimates for the mean temperature of core formation
in the Earth, a reasonable range of expected δ98/95Mo values for
the bulk silicate Earth can be estimated. For instance, for metal–
silicate equilibration temperatures >2500 ◦C (Rubie et al., 2007;
Wood et al., 2006; Siebert et al., 2013) δ98/95Mo values of less
than −0.1� would be predicted for the bulk silicate Earth. Ob-
viously, the metal–silicate equilibration temperatures may have
been lower, because the formation of Earth’s core may have in-
volved incomplete equilibration of newly accreted bodies with the
terrestrial mantle (e.g., Kleine et al., 2009; Rudge et al., 2010;
Stevenson, 2008). In this case, slightly higher δ98/95Mo values
would be expected. However, we note that δ98/95Mo > 0 for the
bulk silicate Earth is unlikely, as this would imply unrealistically
low core formation temperatures of less than ∼1400 ◦C. Clearly,
precisely defining the δ98/95Mo value characteristic for the bulk
silicate Earth can provide essential constraints on the conditions
of core formation in the Earth, but will require further work and
most of all a detailed understanding of the processes that fraction-
ated Mo isotopes in terrestrial igneous rocks.

5. Conclusions

Our measurements indicate that mass-dependent Mo isotope
fractionation occurs at high temperatures by processes within the
solar nebula and during planetary differentiation. Most chondrites
and iron meteorites exhibit indistinguishable Mo isotope composi-
tions and as such define the δ98/95Mo of bulk planetary bodies in
the inner solar system. Chondrites that formed under highly ox-
idized conditions (such as the CM, CK chondrites) deviate from
the bulk δ98/95Mo of the inner solar system and exhibit heavier
Mo isotope compositions. This probably reflects either evaporative
losses of volatile and isotopically light Mo oxides, or a hetero-
geneous distribution of an isotopically light metal and/or an iso-
topically heavy matrix component. Molybdenum isotope data for
chondrite components are needed for establishing the origin of iso-
tope fractionation among bulk carbonaceous chondrites, however.
The Mo isotope composition of the IAB iron meteorites also de-
viates from the bulk δ98/95Mo of the inner solar system, and this
most likely is due to impact-induced losses of isotopically light Mo.

Most of the samples from the silicate portions of differentiated
bodies are isotopically heavier than the bulk planets, which at least
in part is due to Mo isotope fractionation during metal–silicate
equilibration. However, some samples exhibit Mo isotope composi-
tions that are too heavy to solely result from core formation, indi-
cating that other processes such as partial melting or thermal and
impact metamorphism also led to Mo isotope fractionation. For the
Moon such post-core formation Mo isotope fractionation seems to
have been minor to absent and so the lunar Mo isotope data can
be used to estimate a temperature of metal–silicate equilibration
during segregation of the lunar core. The resulting temperature of
1800 ± 200 ◦C is in excellent agreement with other, independent
estimates of core formation temperatures for the Moon. The tem-
perature estimates for the angrite parent body (1790 ± 230 ◦C) and
Mars (2500 ± 770 ◦C) are more uncertain, because the magnitude
and direction of post-core formation Mo isotope fractionation on
these bodies are not known. Our study together with the com-
panion study of Hin et al. (2013) demonstrates the great potential
of mass-dependent Mo isotope fractionation to constrain the con-
ditions of core formation in asteroids and terrestrial planets, but
also highlights the difficulty in determining the δ98/95Mo charac-
teristic for the bulk silicate portion of a differentiated body. Thus,
the application of Mo isotopes to constrain core formation most
of all requires an improved understanding of potential Mo isotope
fractionation during post-core formation processes.
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