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Highlights 16 

• Experiments in gas mixing furnaces show that Mo isotope fractionation between metal and 17 

silicate is a function of Mo6+/Mo4+ in the silicate liquid 18 

• Tetrahedrally coordinated Mo6+-species have ~0.5‰ heavier 98Mo/95Mo than octahedrally 19 

coordinated Mo4+-species in silicate liquid at 1400°C 20 

• Terrestrial core formation most likely left a terrestrial mantle with Mo isotope ratios 21 

undistinguishable from the core 22 

 23 

Abstract 24 

Previous work has shown that Mo isotopes measurably fractionate between metal and silicate liquids, 25 

even at temperatures appropriate for core formation. However, the effect of variations in the structural 26 

environment of Mo in the silicate liquid, especially as a function of valence state, on Mo isotope 27 

fractionation remained poorly explored. We have investigated the role of valence state in metal-silicate 28 

experiments in a gas-controlled furnace at 1400°C and at oxygen fugacities between 10-12.7 and 10-9.9, 29 

i.e. between three and 0.2 log units below the iron-wüstite buffer. Two sets of experiments were 30 

performed, both with a silicate liquid in the CaO-Al2O3-SiO2 system. One set used molybdenum metal 31 

wire loops as the metal source, the other liquid gold alloyed with 2.5 wt% Mo contained in silica glass 32 

tubes. X-ray absorption near-edge spectroscopy analysis indicates that Mo6+/ΣMo in the silicate glasses 33 

varies between 0.24 and 0.77 at oxygen fugacities of 10-12.0 and 10-9.9 in the wire loop experiments and 34 

between 0.15 and 0.48 at 10-11.4 and 10-9.9 in the experiments with Au-Mo alloys. Double-spiked analysis 35 



of Mo isotope compositions furthermore shows that Mo isotope fractionation between metal and silicate 36 

is a linear function of Mo6+/ΣMo in the silicate glasses, with a difference of 0.51‰ in 98Mo/95Mo 37 

between purely Mo4+-bearing and purely Mo6+-bearing silicate liquid. The former is octahedrally and 38 

the latter tetrahedrally coordinated. Our study implies that previous experimental work contained a 39 

mixture of Mo4+ and Mo6+ species in the silicate liquid. Our refined parameterisation for Mo isotope 40 

fractionation between metal and silicate can be described as  41 
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Molybdenum isotope ratios therefore have potential as a proxy to constrain the oxygen fugacity during 43 

core formation on planetary bodies if the parameterisation of Mo6+/ΣMo variation with oxygen fugacity 44 

is expanded, for instance to include iron-bearing systems. On Earth literature data indicate that the upper 45 

mantle is depleted in heavy Mo isotopes relative to the bulk Earth, as represented by chondrites. As 46 

previously highlighted, this difference is most likely not caused by core formation, which either enriches 47 

the mantle in heavy Mo isotopes or causes no significant fractionation, depending on temperature and, 48 

as we determined here, Mo6+ content. We reaffirm that core formation does not account for the Mo 49 

isotope composition of the modern upper mantle, which may instead reflect the effect of fractionation 50 

during subduction as part of global plate recycling.   51 

 52 

 53 

1 Introduction 54 

Molybdenum is an element with an oxidation state that is variable in nature and most commonly 55 

thought to be Mo6+, Mo5+, Mo4+ or Mo0 (e.g. O’Neill and Eggins, (2002); Farges et al., (2006)). For 56 

instance, at the oxygen fugacity of Earth’s mantle, hexavalent Mo is the most stable Mo species (Farges 57 

et al., 2006; Leitzke et al., 2017; O'Neill and Eggins, 2002). Under conditions at which metallic iron 58 

occurs, however, tetravalent Mo has been shown to be the dominant Mo species in silicate liquids 59 

(Holzheid et al., 1994; O'Neill and Eggins, 2002; Wade et al., 2012). Consequently, the partitioning of 60 

Mo between various phases in planetary bodies is expected to vary as a function of oxygen fugacity. 61 

This has been observed experimentally for partitioning between metallic and silicate liquids (Wade et 62 

al., 2012; Walter and Thibault, 1995) as well as between silicate minerals and liquids (Leitzke et al., 63 

2017). Farges et al. (2006) furthermore determined that hexavalent Mo forms tetrahedrally coordinated 64 

moieties in silicate liquids, while tetravalent Mo is octahedrally coordinated, a conclusion also reached 65 

by Calas et al. (2003) and Sawaguchi et al. (1996). This difference in bonding environment between 66 

Mo species in different valence states should give rise to mass-dependent fractionation of its isotopes. 67 

Higher oxidation and lower coordination states are generally associated with stiffer bonds (Schauble, 68 

2004), which favour the heavier isotopes of an element (Bigeleisen, 1965) 69 



Molybdenum is a refractory element under solar nebula conditions, except under relatively 70 

oxidising conditions as evidenced by Mo depletion in refractory metals in calcium-aluminium-rich 71 

inclusions in some carbonaceous chondrites (Fegley and Palme, 1985). Its refractory nature accounts 72 

for an absence of mass-dependent Mo isotopic variability among a collection of chondrites and iron 73 

meteorites, with the exception of CM and CK type carbonaceous chondrites and non-magmatic iron 74 

meteorites (Burkhardt et al., 2014). This homogeneity motivated Burkhardt et al. (2014) to propose a 75 

mean Mo isotope composition for the Solar System that can be used as reference for the Mo isotope 76 

composition of the bulk planets such as Earth. Molybdenum is also a siderophile element, such that it 77 

is useful for studying core formation. Experimental metal/silicate partition coefficients of Mo mostly 78 

vary between 100 and 1000 (Righter et al., 2010; Wade et al., 2012; Walter and Thibault, 1995), such 79 

that generally >98% of the Mo budget in a planetary body resides in its core. Mo isotope compositions 80 

of planetary cores are therefore indistinguishable from Mo isotope composition of the bulk body 81 

(Burkhardt et al., 2014; Hin et al., 2013). Consequently, an isotopic fractionation effect of core 82 

formation is directly recorded by the mantle as a dilute tracer and not affected by mass balance with the 83 

core. Determining conditions of core formation with Mo isotopes can hence be done without mass 84 

balance models, which require knowledge of currently uncertain Mo contents in the mantle as well as 85 

of metal/silicate partition coefficients as a function of pressure, temperature, composition and oxygen 86 

fugacity with their inherent uncertainties. A study by Hin et al. (2013) showed experimentally that Mo 87 

isotopes do indeed fractionate between metal and silicate, highlighting their potential as a proxy of core 88 

formation conditions in planetary bodies. The observed isotopic difference between metal and silicate 89 

(Δ98/95Mometal-silicate) was -0.19±0.03‰ at 1400°C and 1 GPa. Extrapolating to terrestrial core formation 90 

at ~3000 K (Wade and Wood, 2005), this work implies differences in 98Mo/95Mo between silicate 91 

mantle and chondrites of ~0.05. This difference is close to currently achievable analytical precision 92 

(~0.04‰ 2sd, e.g. Willbold et al. (2016)).  93 

Studies of the Mo isotope composition of (ultra-)mafic rocks have since led to variable conclusions 94 

about the average Mo isotope composition of the silicate portion of the Earth. Bezard et al. (2016) found 95 

that the 98Mo/95Mo of the mid-ocean ridge basalts (MORB) they studied as representative of the depleted 96 

mantle, uncontaminated by recycled crustal sediments, was slightly sub-chondritic by 0.05±0.03‰ 97 

relative to the mean Mo isotope composition of the Solar System proposed by Burkhardt et al (2014). 98 

Compared to that same Solar System mean, Liang et al. (2017) found MORB to be 0.16±0.03‰ super-99 

chondritic, but their data also hint at the mantle potentially being slightly sub-chondritic by 0.06±0.07‰ 100 

based on their observations on ultra-mafic xenoliths from the sub-continental lithospheric mantle. 101 

Greber et al. (2015) inferred a similar difference of 0.05±0.06‰ between Earth’s mantle and chondrites 102 

based on analysis of Archaean komatiites. Although the apparent inconsistencies in MORB data have 103 

yet to be settled, it appears that the terrestrial upper mantle might have a slightly sub-chondritic Mo 104 

isotope composition (Willbold and Elliott, 2017). A potentially ~0.05‰ sub-chondritic modern mantle 105 

would thus be enriched in light Mo isotopes by ~0.10‰ relative to a post-core formation mantle.  106 



Given how small these isotopic differences are, it is important to ascertain that there are no 107 

currently known scenarios under which core formation can cause a sub-chondritic post-core formation 108 

mantle. Unfortunately, the proportions of Mo6+ and Mo4+ in the silicate liquids in equilibrium with iron-109 

rich metals were not determined in Hin et al. (2013). To calibrate the potentially important effect of 110 

oxygen fugacity on Mo isotope fractionation between metal and silicate, we have equilibrated metallic 111 

Mo with silicate liquids with variable Mo6+/Mo4+.  112 

 113 

2 Methods 114 

2.1 Experimental 115 

We performed experiments with Mo wire loops at 1400°C in gas-controlled furnaces at a range of 116 

oxygen fugacities at which variable Mo6+ abundances occur in equilibrium with metallic Mo (Farges et 117 

al., 2006; Holzheid et al., 1994; O'Neill and Eggins, 2002). Molybdenum wire loops were made from 118 

ribbons of Mo metal that were cut from a sheet of high purity Mo metal. The loops were equilibrated 119 

with an initially Mo-free silicate liquid containing 43.0% SiO2, 44.0% CaO and 13.0% Al2O3 by weight, 120 

which is slightly modified from the CAS1 and CAS2 compositions of O’Neill and Eggins (2002). These 121 

Ca-rich starting mixtures were chosen because their liquids are relatively depolymerised. A 122 

depolymerised structure greatly reduces the presence of metal nuggets in the silicate melt (O'Neill and 123 

Eggins, 2002), which is important to prevent overprinting of the metal-silicate fractionation factor due 124 

to metal contamination in the silicate. The silicate starting material was prepared from purified SiO2, 125 

Al2O3 and CaCO3 powders that were ground and mixed in an agate mortar. These mixtures were 126 

decarbonated, followed by heating to 1400°C to exceed the liquidus. After quenching, the two starting 127 

glasses were again melted, quenched and ground to obtain homogeneous silicate starting mixtures. 128 

Additionally, two Mo6+-bearing glasses were prepared as standards for X-ray absorption near-edge 129 

spectroscopy (XANES) to minimise the effects of bonding environment and matrix elements on the 130 

amplitude of the pre-edge feature. They consisted of the two silicate starting mixtures used in the two 131 

sets of experiments doped with 1400 ppm and 3200 ppm MoO3 in SiO2-rich and CaO-rich mixtures, 132 

respectively. These mixtures were homogenised in a pestle and mortar prior to melting in air at 1400°C 133 

followed by quenching.  134 

The wire loop experiments contained solid metal and liquid silicate. In addition to these, we 135 

performed a second set of experiments for which we selected a different system containing an Au-Mo 136 

alloy and SiO2-rich silicate that are both liquid at 1400°C. There are indications that the effects of metal 137 

alloy composition may affect isotopic fractionation between metal and silicate (Elardo and Shahar, 138 

2017; Shahar et al., 2015), so we suspected that this system might have a different fractionation factor, 139 

but that any effect of Mo valence state in the silicate should be independent of such potential effects.   140 

The experiments with Au-Mo alloy were performed in open-ended SiO2 glass tubes. They 141 

contained a more SiO2-rich silicate starting material of 62.0% SiO2, 29.3% CaO and 8.7% Al2O3 to 142 

increase the activity of SiO2 from ~0.1 in the other starting material to ~0.9 (Eriksson and Pelton, 1993) 143 



and thereby minimise reactivity with the SiO2 glass tubes. One experiment with this SiO2-rich starting 144 

material was performed on a Mo wire loop to investigate potential effects of silicate composition on 145 

Mo isotope fractionation. In the Au-Mo alloy experiment, the silicate was equilibrated with alloy beads 146 

of 97.5% Au and 2.5% Mo by weight. The alloy beads were pre-synthesized by heating a mixture of 147 

pure Au and Mo powders in a SiO2 glass tube to 1400°C, i.e. ~150°C above the alloy liquidus (Massalski 148 

et al., 1986), for about 38 hours at an oxygen fugacity of 10-11.4, i.e. 1.7 log units below the iron-wüstite 149 

buffer (IW-1.7; we will use this abbreviation in the remainder of the text to indicate oxygen fugacity). 150 

Upon quench, the alloy separated into various small beads.  151 

All experiments were performed at 1400°C in a gas-controlled tube furnace at Imperial College 152 

London. Run durations varied from ~34 to 67 hours to ensure elemental and isotopic equilibrium, as 153 

assessed from the following previous works. Hin et al. (2013) observed that Mo isotope equilibrium 154 

between liquid metal and liquid silicate was attained in <1.5 hours at 1400°C. To choose an appropriate 155 

run duration for our Mo wire loop experiments we used an observation of O’Neill and Eggins (2002). 156 

Based on their time series experiments, elemental equilibrium in wire loop experiments was attained 157 

within 4 to 14 hours. Mo isotope equilibrium should thus be reached well within 14 hours in all 158 

experiments we performed. We have opted for ~34 to 67 hour run durations because O’Neill and Eggins 159 

(2002) observed that, compared to run durations of 14 hours, experiments run for ~45 hours resulted in 160 

better separation of metal nuggets from the silicate liquid. Such separation is important to reduce 161 

contamination effects on the isotope fractionation factor. 162 

The oxygen fugacity of the experiments varied between IW-0.2 and IW-3.0 and was set by fluxing 163 

variable CO2/CO gas ratios at a flow rate of 100 ml min-1. The temperature profile in the furnace was 164 

carefully checked using a height adjustable Pt-Rh thermocouple and all samples were placed in the 165 

hotspot. Oxygen fugacity was found accurate to better than 0.05 log units based on calibration with an 166 

yttria-stabilised zirconia sensor (Mendybaev et al., 1998) and FeO solubility in the An-Di eutectic at 167 

oxygen fugacities of 10-11.1 and 10-12.3 (IW-1.4 to -2.6). All samples were loaded at 600°C, followed by 168 

heating at 200°C/hour to 1400°C. At the end of each run, samples were drop-quenched into a water 169 

bath. We note here that the wire loop experiment at the highest fO2 of IW-0.2 had to be performed twice, 170 

because the wire loop ruptured under its own weight during the first run. Such failure did not occur in 171 

any other experiment. We therefore speculate that an oxygen fugacity of IW-0.2 may have been so close 172 

to the Mo-MoO2 reaction (occurring at ~IW+0.5) that it oxidised the wire, causing it to weaken and fail. 173 

 174 

2.2 X-ray analysis 175 

Au-Mo alloy compositions were analysed on a Cameca SX-100 microprobe at the University of 176 

Bristol after synthesis prior to the experiments, using pure Au and Mo metals as standards and a 20 kV, 177 

10 nA beam with 10 µm spot size. Quenched glass from both sets of metal-silicate equilibration 178 

experiments was separated from coexisting metal, embedded in epoxy and polished. Elemental 179 

compositions of all glasses were analysed on a Cameca SX-100 either at the University of Bristol or at 180 



the Natural History Museum. They were analysed with a 40 nA beam and 20 µm spot size. Under these 181 

conditions the glass was observed to be stable and count rates were sufficiently high to determine Mo 182 

contents. The elements Ca, Al and Si were analysed for 20 s using wollastonite and corundum as 183 

standards, while Mo was analysed for 240 s on two spectrometers resulting in a detection limit of 184 

approximately 70 ppm. Typically, these measurement conditions lead to a standard deviation of about 185 

60 ppm on a single analysis for glasses with contents above ~300 ppm. Between eight and 15 spots 186 

were analysed on each sample.  187 

Molybdenum oxidation state variations were investigated by XANES at the Diamond Light Source 188 

synchrotron facility. Beam line I18 was operated with a Si<111> monochromator and an incident 189 

energy around 20 keV. Platinum coated Si mirrors were used for improved reflectivity in this energy 190 

range compared to common Si mirrors. All samples were analysed in fluorescence mode using a 13-191 

element Ge detector with a Zr foil filter and a window applied at a fluorescent energy of 16.90-17.80 192 

keV. We performed scans from 19950 to 20400 eV incident energy with 0.5 eV steps over the entire 193 

energy range and a dwell time of 0.29 s. The penetration length of X-rays at the Mo K-edge is 194 

sufficiently large that the beam energy could be calibrated by simultaneous analysis of Mo foil, which 195 

was used as reference to correct for monochromator drift during analysis of samples. Test measurements 196 

were performed for 60 and 90 s at two spots on a Mo6+-bearing glass to investigate whether redox 197 

reactions occurred during analysis due to interaction with the X-ray beam. The intensity at the energy 198 

corresponding to the pre-edge feature (20005 eV) did not change during these two measurements, 199 

implying that our analyses are not affected by such beam damage.  200 

Energy scans were post-processed in the Athena software package (Ravel and Newville, 2005). 201 

All scans were corrected for background with a linear interpolation. Sample spectra were subsequently 202 

aligned with the energy spectrum of the reference Mo foil and normalised to the intensity obtained on 203 

the reference foil. For all sample glasses, the relative intensity at the energy of the pre-edge feature 204 

(20005 eV) was determined as a deviation from a fit to the absorption edge step. The edge step for each 205 

spectrum was fitted up to a normalised height of 0.8 (excluding the range 19996.8 – 20012.6 eV, where 206 

the pre-edge peak occurs) using a Gaussian function (centre ~ 20250 eV, HWHM ~ 50 eV). This 207 

procedure is analogous to that used for Fe by Berry et al. (2018). These intensity deviations were 208 

compared to those of Mo6+-bearing standards to determine abundances of Mo6+ relative to all other Mo 209 

species (Mo6+/ΣMo). This procedure is analogous to that used in Burnham et al. (2015). As we do not 210 

have a spectrum for glass containing only Mo4+, we do not exactly know whether it contributes a minor 211 

signal to the background intensity at the energy of the pre-edge feature. We therefore calculated the 212 

intensity deviations of the pre-edge feature in two different manners. One approach calculated the 213 

intensity deviation of the pre-edge feature relative to a pure background signal, i.e. assuming no 214 

contribution of Mo4+.  The other approach allowed for a minor, unconstrained contribution to the peak 215 

height by Mo4+. We present the mean of the Mo6+/ΣMo values obtained by these two approaches and 216 

give errors that reflect the range of these different results (Table 1). 217 



Metal contamination occurred in the glass areas that had been in contact with the metal during the 218 

experiments. For samples indicated with superscripts d and e in Table 1, this contamination was 219 

inadvertently not avoided during XANES analysis and these spectra were too contaminated to obtain 220 

information on relative Mo6+ abundances. We calculated Mo6+/ΣMo in these samples based on their 221 

oxygen fugacity by fitting Mo6+/ΣMo of the uncontaminated spectra and their oxygen fugacities to a 222 

similar thermodynamic model as O’Neill and Eggins (2002): 223 
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where n is the number of electrons exchanged in the redox reaction (e.g. two for a change from 225 

Mo6+ to Mo4+) in the silicate liquid and a is a fitted parameter relating to melt composition. 226 

 227 

2.3 Isotope ratio analysis 228 

Molybdenum isotope compositions were determined for all glasses. Metal-free glass material was 229 

handpicked under a binocular microscope; metal contamination was restricted to the areas in direct 230 

contact with the metal phase during the experiments. Owing to the high Mo metal/silicate partition 231 

coefficient, the metal dominated the Mo isotope composition of the bulk system in all experiments. The 232 

Mo isotope compositions of metal phases were analysed on selected samples to verify their 233 

homogeneity. Chemical protocols are based on those presented in Willbold et al. (2016), which are 234 

summarised below.  235 

Silicate samples were weighed in pre-cleaned PFA beakers followed by addition of a 97Mo-100Mo 236 

double spike. The samples were digested in 3:1 mixtures of ~15.5 M HNO3 and ~28 M HF on a hotplate, 237 

usually for two days. After drying, they were treated with about two drops each of ~15.5 M HNO3 and 238 

30% H2O2 to attack any organic material and then re-dissolved in 6 M HCl prior to drying and re-239 

dissolution in 3 M HCl in preparation for ion exchange chromatography. Pure Mo metal samples were 240 

dissolved in 6 M HCl with a few drops of ~15.5 M HNO3, while Au-Mo alloys were digested in aqua 241 

regia. Double spike was added to an aliquot of these metal sample solutions prior to drying, re-242 

dissolving in 6 M HCl and subsequently in 3 M HCl. Our ion exchange chromatography requires adding 243 

ascorbic acid to reduce Fe3+ to Fe2+ prior to loading on an Eichrom 200-400 mesh 1x8 anion exchange 244 

resin, in order for Fe to elute immediately upon loading (Willbold et al., 2016). As all experiments were 245 

designed to be iron-free, minimal quantities of ~50 µl 1 M ascorbic acid were added to the samples 246 

analysed here, which compares to ~250 µl ascorbic acid for 200 mg of natural basaltic rock powder. 247 

Gold was separated from Mo because it is strongly retained on the resin throughout the ion exchange 248 

protocol. Although all matrix elements present in the experimental charges should have separated after 249 

eluting with 3 M HCl, the further steps used in our regular chemistry procedure of eluting with 0.5 M 250 

HCl – 0.5% H2O2, and 1 M HF were also followed to remove any contaminants prior to collecting Mo 251 

in 1 M HCl. Molybdenum cuts were then dried, and any resin material that had run through was attacked 252 



with two drops each of ~15.5 M HNO3 and 30% H2O2 prior to dissolution in a drop of ~15.5 M HNO3 253 

that was subsequently diluted to a mixture of 0.4 M HNO3 and 0.05 M HF for analysis. 254 

Isotopic compositions were measured on a Thermo Finnigan Neptune (s/n 1020) multi-collector 255 

inductively coupled plasma mass spectrometer at the University of Bristol. Sample solutions containing 256 

approximately 150 ppb sample Mo were aspirated with a 50 μl min-1 Savillex PFA nebuliser into a 257 

Cetac Aridus desolvator, resulting in total Mo intensities of ~1.5-3×10-10 A. The instrument was 258 

operated in low resolution mode with a normal sampler and H-skimmer cone and, in addition to 259 

92,95,96,97,98,100Mo, we collected 91Zr as well as 99,101Ru to monitor possible isobaric interferences. We 260 

applied a 95,97,98,100Mo double spike inversion on a cycle-by-cycle basis. Ruthenium is the only element 261 

with isobaric interference on any of these four Mo isotopes, but the monitored Ru/Mo ratios were always 262 

<2×10-5, which leads to insignificant interference corrections. Residual non-exponential fractionation 263 

during analysis was corrected for with an external normalisation to the session mean of the reference 264 

standard NIST SRM3134, as previously done, for instance, in Hin et al. (2013).  265 

Molybdenum isotope compositions are reported as the relative difference of isotope ratios to the 266 

reference standard (delta notation), following IUPAC recommendations (Coplen, 2011): 267 

( ) ( )98/95 98 95 98 95
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Mo Mo Mo Mo Mo = − . The presented data are means of 268 

repeated analysis and are reported in per mil. Uncertainties are given as standard error of the mean (2se; 269 

i.e. 2s/√n) and represent analytical variability. We have used the standard deviation (2s) of geological 270 

reference material JB-2 of 0.028‰ as best estimate of the population standard deviation. This 271 

uncertainty is based on a total of twelve analyses from three JB-2 digestions and agrees well with the 272 

2s of our NIST SRM3134 analyses (0.031‰, n=119). The mean δ98/95MoSRM3134 of JB-2 during this 273 

study is 0.046±0.008‰ (2se, n=12), which agrees well with the value of 0.05±0.03‰ (2s, n=4) obtained 274 

by Willbold et al. (2016). We also analysed molybdenite sample AJ011, for which we obtained a Mo 275 

isotope composition of -0.687±0.009‰ (2se, n=9) which compares to values of -0.70±0.06‰ (2s, n=12) 276 

in Hin et al. (2013) and -0.7±0.1‰ (2s) in Greber et al. (2011). 277 

Together with a piece of metal, left-over shards of silicate glass from samples IW-0.2, IW-0.5 and 278 

IW-1.7 were also analysed for mass-independent isotopic anomalies to determine nuclear field shift 279 

effects, which are usually visible between even and odd masses (Bigeleisen, 1996a; Bigeleisen, 1996b; 280 

Schauble, 2007). The chemical protocol was identical to that described above, except that no 97Mo-281 

100Mo double spike was added to the samples. All samples were also digested and processed with 282 

materials that had not previously been used for spiked samples. Our samples have high Mo contents 283 

and a simple matrix consisting principally of Al, Si, Ca. We therefore used a Mo ICP standard solution 284 

(CPI) as secondary solution instead of a geological reference material to verify the accuracy of our 285 

analyses. NIST SRM3134 was used as reference standard for external normalisation. All analyses were 286 

internal normalised to a 98Mo/94Mo reference ratio of 2.630639 using the exponential law. Results are 287 



presented as epsilon-units, which are calculated in the same manner as delta-values but presented in 288 

parts per ten-thousand instead of per mil. 289 

 290 

3 Results 291 

All glasses were found to have homogeneously distributed elemental abundances based on multiple 292 

spot analyses, confirming previous observations that ~40-65 hour run durations are ample for chemical 293 

equilibrium in these types of experiments (Holzheid et al., 1994; O'Neill and Eggins, 2002). The mean 294 

compositions and standard errors of the glasses are presented in Table 1 and Mo contents are plotted 295 

against oxygen fugacity in Figure 1. Molybdenum contents in experiments performed on Mo wire loops, 296 

which are represented by squares in Figure 1, decrease from 21043±26 ppm (2se based on multiple spot 297 

analyses) to below the 70 ppm detection limit with decreasing oxygen fugacity. Glasses equilibrated 298 

with Au-Mo alloys in SiO2-glass tubes, represented as circles in Figure 1, have Mo contents ranging 299 

from 1354±15 ppm to below the detection limit of our microprobe analyses. Glass from the experiment 300 

with the SiO2-rich starting mixture on a Mo wire loop (open square in Figure 1) has a Mo content of 301 

530±14 ppm. This concentration compares to 2675±66 ppm in a wire loop experiment at the same 302 

oxygen fugacity (IW-0.8), but with a silicate liquid containing less SiO2 and more CaO. It furthermore 303 

compares to 75±11 ppm in an experiment equilibrated with Au-Mo alloy at the same oxygen fugacity. 304 

Considering that the silicate liquid compositions of the SiO2-rich wire loop experiment and the Au-Mo 305 

alloy experiment are similar, and that the Au-Mo alloy contains about 2.5% Mo by weight, the 306 

difference in Mo content implies that the activity coefficient of Mo in Au is about 0.35. 307 

The spectra obtained by XANES show a resolvable pre-edge feature indicative of Mo6+ in all wire 308 

loop experiments with the Ca-rich silicate that were performed at an oxygen fugacity more oxidising 309 

than IW-1.4 (Figure 2a). The relative amplitudes of the pre-edge features in these experiments indicate 310 

an increase in Mo6+/ΣMo from 0.55 to 0.77 (see also Table 1). Spectra from glasses of the same type of 311 

experiments but performed at oxygen fugacities between IW-1.4 and IW-3.0 show contamination by 312 

metallic (or carbide) particles, as is easily identified from the sharp peak in all these spectra at an energy 313 

of ~20035 eV directly following the edge (Figure 2a). This contamination has obscured the pre-edge 314 

feature, except in the spectrum of the experiment performed at a fO2 of IW-2.3 where the contamination 315 

was sufficiently small that a minor pre-edge feature could be identified. The relative amplitude of the 316 

pre-edge feature of this spectrum corresponds to Mo6+/ΣMo of 0.44. However, after subtracting a minor 317 

metallic contribution based on the spectrum of the Mo reference foil, we obtain a more realistic value 318 

of 0.24, which we use for the remainder of our work (Figure 2a, Table 1). Relative Mo6+ abundances 319 

on all other wire loop experiments were obtained through interpolation using a thermodynamic fit (see 320 

section 2.2) through the oxygen fugacity and relative Mo6+ abundances of the samples described above 321 

(Figure 3).  322 

Glass from experiments equilibrated with Au-Mo alloys in SiO2 glass tubes do not display 323 

significant metal contamination. The spectra of all these glasses have resolvable pre-edge features that 324 



correspond to an increase in Mo6+/ΣMo from 0.15 to 0.48 for an increase in oxygen fugacity from IW-325 

1.7 to IW-0.2 (Figure 2b, Table 1).  326 

Isotopic compositions of metals have been determined for four wire loop and four Au-Mo alloy 327 

experiments. For both types of experiments, the isotopic compositions of the four metals were within 328 

error of each other, as expected from the fact that they derive from the same metal source and that the 329 

metal dominates the isotopic composition of the bulk system due to the high metal/silicate partition 330 

coefficient of Mo. We therefore used the mean δ98/95MoSRM3134 of -0.098±0.005‰ for the Mo wires and 331 

-0.381±0.006‰ for the Au-Mo alloys (Table 2) as reference metal compositions for calculating metal-332 

silicate fractionation factors. We also note that the mean Mo isotope composition of the Au-Mo alloys 333 

is within error of the δ98/95MoSRM3134 of -0.39±0.02‰ determined in Hin et al. (2013) for their starting 334 

mixture, which was prepared with the same Mo metal powder as used in this study.  335 

Glasses from the Mo wire loop experiments have heavier δ98/95MoSRM3134 than the metal it coexisted 336 

with, varying between 0.215±0.008‰ and -0.011±0.012‰ (Table 2). Metal-silicate fractionation 337 

factors (Δ98/95Mometal-silicate) in most wire loop experiments thus vary from -0.313±0.009‰ to -338 

0.087±0.013‰ (Table 2, Figure 4). Glass from one wire loop experiment at the lowest oxygen fugacity, 339 

however, is depleted in heavy Mo isotopes compared to coexisting metal, given a δ98/95MoSRM3134 of -340 

0.302±0.012‰ and a fractionation factor of 0.203±0.013‰ (Table 2).  341 

The δ98/95MoSRM3134 of glass chips from experiments equilibrated with Au-Mo alloys, in contrast, 342 

are always lighter than those of their coexisting metal alloys, ranging from -0.468±0.007‰ to -343 

0.679±0.008‰ (Table 2). Metal-silicate molybdenum isotope fractionation factors in these experiments 344 

with Au-Mo alloys thus vary between 0.087±0.009‰ and 0.298±0.010‰ (Figure 4).  345 

Finally, our analysis of unspiked samples did not result in resolvable mass-independent anomalies 346 

(Table 3, Figure 5). This result implies that nuclear field shift effects on Mo isotope fractionation are 347 

smaller than our precision of about 0.1 epsilon-units and that our assessment of mass-dependent Mo 348 

isotope fractionation is not affected by such nuclear field shifts. 349 

 350 

4 Discussion 351 

4.1 Molybdenum valence states as a function of oxygen fugacity 352 

The Mo contents in our wire loop experiments are similar to those obtained by O’Neill and Eggins 353 

(2002) for their CAS1 and CAS2 compositions at the same oxygen fugacity, as expected given the 354 

similarity in compositions. An initial investigation of the slope of 1.31 on a log Mo content against log 355 

fO2 plot (Figure 1) suggests mixed Mo4+ and Mo6+ valence states, which would have ideal slopes of 1.0 356 

and 1.5, respectively.  357 

Our XANES analyses confirm these mixed valence states (Figures 2 and 3). They agree with 358 

previous studies (Farges et al., 2006; Holzheid et al., 1994; O'Neill and Eggins, 2002) in that the spectra 359 

imply that Mo6+ gradually diminishes with decreasing oxygen fugacity from an abundance of 77% to 360 

24% between oxygen fugacities of IW-0.2 and IW-2.3. Our scans cover too short an energy range to 361 



extract information about bond length and, by extension, details on species other than Mo6+. However, 362 

as we show in Figure 3, both the wire loop and Au-Mo alloy experiments fit a change in oxidation state 363 

by two electrons according to equation (1), i.e. a change from Mo6+ to Mo4+. This model is not 364 

parameterised for silicate composition and therefore applies only to silicate composition of wire loop 365 

experiments with CaO-rich compositions. Figure 3 also shows that the Mo6+/ΣMo we calculated based 366 

on our XANES analysis compare well to a model of O’Neill and Eggins (2002) that includes an 367 

empirical CaO and MgO content parameterisation (see their equations 20-22 and Table 6 for their 368 

thermodynamic model and their Table 8 for the CaO- and MgO-parameterisation). This CaO- and MgO-369 

parameterised model of O’Neill and Eggins (2002) yields maximum 0.08 higher Mo6+/ΣMo for the CaO 370 

contents of our glasses in the wire loop experiments. We have therefore used their model to estimate 371 

the relative Mo6+ abundance of one wire loop experiment with an SiO2-rich, CaO-poor silicate liquid. 372 

The XANES spectrum of this sample was too contaminated for a direct determination of Mo6+/ΣMo. 373 

The CaO- and MgO-parameterised model estimates 0.55 but accounting for the slight offset between 374 

that model and our Mo6+/ΣMo determined from XANES results (cf. Figure 3) we estimate a relative 375 

Mo6+ abundance of 47% (Table 1).  376 

The lower Mo6+ abundances in the experiments with Au-Mo alloys compared to wire loop 377 

experiments at the same fO2 (Figure 3) can be attributed to the higher polymerisation of the silicate 378 

liquids equilibrated with Au-Mo alloys in open-ended SiO2-glass tubes. Farges et al. (2006), for 379 

instance, suggested that such higher polymerisation lowers the solubility of Mo in silicate liquid because 380 

of the reduced availability of non-bridging oxygen ions, although O’Neill and Eggins (2002) hinted at 381 

the importance of molecular complexes of Mo with Ca and Mg. 382 

We also note here that the edge of the XANES spectrum we obtained for the most reduced, wire 383 

loop experiment at a fO2 of IW-3.0 has a strikingly shallower edge slope than all other spectra. One 384 

plausible explanation for this relatively shallow slope is self-absorption of the X-ray beam on Mo-rich 385 

nuggets in the silicate glass. Although we observed metallic particles in the glass, the volume fraction 386 

is likely not large enough to explain the shallow slope solely by self-absorption. This can be concluded 387 

from the observed isotope fractionation (Table 2, Figure 4), because any isotopic difference between 388 

glass and metal would be erased by >0.04% metal contamination by volume in the glass. Furthermore, 389 

our attempts to fit a Mo metal spectrum to the extended range of energies we analysed beyond the edge 390 

of this XANES spectrum have failed to reproduce the observed features at these energies of ~20020 to 391 

~20200, unlike the case for the other contaminated spectra (e.g. compare the spectra of IW-2.0 and IW-392 

3.0 in Figure 2). Instead, some other Mo compound is likely responsible for the self-adsorption 393 

phenomenon, which we attribute to molybdenum carbide (Mo2C). This phase is likely to occur given 394 

the affinity of these elements for each other at the reducing conditions of this experiment, in which the 395 

gas in the furnace consisted nearly 100% CO with which Mo metal can react to form molybdenum 396 

carbide. We were unable to find a model reference spectrum for Mo2C to compare the spectrum of this 397 

glass. However, wavelength dispersive scans (WDS) on our electron microprobe on polished, gold-398 



coated pieces of metal from experiments IW-3.0, IW-2.0 and IW-1.1 resulted in a distinct carbon peak 399 

for IW-3.0, while the other metal pieces lack this feature (Figure 6). We estimate the carbon peak 400 

represents approximately 5 wt% carbon based on the depression in the Mo-Mζ peak height of the 401 

carbon-rich sample relative to the reference. This estimated carbon content corresponds well to the 6 402 

wt% carbon in Mo2C, indicating that this piece of Mo metal had reacted to Mo2C. Owing to this 403 

observation, we have excluded this sample from discussion of isotopic fractionation factors in the 404 

remainder of this work and their results are only displayed in Table 2.  405 

 406 

4.2 Isotopic fractionation 407 

We have shown that decreasing oxygen fugacity results in increasing Mo4+ at the expense of Mo6+ 408 

in the glasses of our experiments equilibrated with metallic Mo (Figure 3), as interpreted previously 409 

(Farges et al., 2006; O'Neill and Eggins, 2002). On a theoretical basis, octahedrally coordinated Mo4+ 410 

(i.e. MoO6
8-) likely has weaker Mo-O bonds than tetrahedrally coordinated Mo6+ (i.e. MoO4

2-) whose 411 

bonds are more covalent (Farges et al., 2006). Thus, Mo isotope fractionation between metal and Mo6+-412 

bearing silicate is expected to be larger than fractionation between metal and Mo4+-bearing silicate. We 413 

can estimate the magnitude of this difference by taking advantage of the fact that the difference between 414 

these fractionation factors yields an isotope fractionation factor between Mo6+-bearing silicate and 415 

Mo4+-bearing silicate. We can quantitively predict the magnitude of such Mo6+-Mo4+ fractionation by 416 

using the ionic model of Young et al. (2015), which has been shown to yield good first-order estimates 417 

of isotope fractionation among silicate and oxide minerals. The ionic model uses the valence difference 418 

between the bonding cation (zi; Mo4+ or Mo6+) and anion (zj; O2-) in a silicate or oxide and the 419 

interatomic distance of the bond (r) as main variables to determine bond force constants (Kf, in N m-1): 420 
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where e is the charge of an electron in Coulomb, ε0 the vacuum permittivity and n refers to a Born-422 

Mayer constant for repulsion for which we adopt a value of 12 following Young et al. (2015). Using 423 

Mo-O bond lengths of 177 nm for tetrahedrally coordinated Mo6+ and 201 nm for octahedrally 424 

coordinated Mo4+ from Farges et al. (2006), we obtain force constants of 5492 and 2496 N m-1, 425 

respectively. These force constants can be used to calculate an isotopic fractionation factor: 426 
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where is the reduced Planck constant (h/2π), k is the Boltzmann constant, T the temperature in K, and 428 

m1 and m2 are the masses of 95Mo and 98Mo in kg. For 1400°C, this model predicts Mo6+-bearing species 429 

to be enriched in heavy Mo isotopes by 0.5‰ relative to Mo4+-bearing species in silicate glass. In other 430 

words, based on first-order estimates we may expect the metal-silicate fractionation factors of our 431 

experiments to vary by up to ~0.5‰ depending on Mo6+/ΣMo.   432 



 433 

4.2.1 Wire loop experiments 434 

The metal-silicate fractionation factors (Δ98/95Mometal-silicate) of wire loop experiments display a 435 

negative correlation with Mo6+/ΣMo, varying from -0.087±0.013‰ at Mo6+/ΣMo of 0.24 to -436 

0.313±0.009‰ at Mo6+/ΣMo of 0.71 (Figure 4a, filled squares). The correlation is an important first 437 

order observation in that it implies that Mo isotope fractionation between metal and silicate is indeed a 438 

function of the structural environment, i.e. valence and coordination state of Mo in a silicate liquid. 439 

Moreover, it implies that fractionation of Mo isotopes between metal and silicate can be described as a 440 

linear mixture of a hypothetical Mo isotope fractionation factor between metal and octahedrally 441 

coordinated Mo4+ ( 0 4

98/95

Mo Mo
Mo +−

 ) and one between metal and tetrahedrally coordinated Mo6+ (442 

0 6

98/95

Mo Mo
Mo +−

 ). A linear fit through the wire loop data in Figure 4a yields a slope of -0.51±0.05, 443 

excluding two outliers at Mo6+/ΣMo 0.63 and 0.77 (MWSD = 1.2), with end-member fractionation 444 

factors of +0.03±0.02‰ for 0 4

98/95

Mo Mo
Mo +−

 and -0.48±0.07‰ for 0 6

98/95

Mo Mo
Mo +−

 .  The difference 445 

of -0.51±0.07‰ between these two end-member fractionation factors is in keeping with the 446 

fractionation factor of 0.5‰ predicted with the ionic model of Young et al. (2015). Such agreement 447 

between theoretical model predictions and experimental observations provides great confidence that 448 

substantial fractionation may be expected between Mo6+-bearing and Mo4+-bearing minerals or melts 449 

in nature. According to our findings, Mo isotope fractionation between metal and silicate can thus be 450 

described by the following equation: 451 
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Importantly, the SiO2-rich silicate liquid equilibrated with a Mo wire loop has a fractionation factor 453 

that is statistically indistinguishable from the SiO2-poor, CaO-rich silicate liquids if we account for its 454 

Mo6+/ΣMo of 0.47 (Figure 4a, open square). This similarity implies an absence of silicate compositional 455 

effects on Mo isotope fractionation in our experiments.  456 

The deviation from the trend of the experiment with Mo6+/ΣMo of 0.63 is small and may be viewed 457 

as a poorly reproduced experiment, because the experimental reproducibility, which is difficult to 458 

assess, may be worse than the 2se analytical uncertainties we obtain from analysis of isotope ratios. The 459 

deviation of the experiment with Mo6+/ΣMo of 0.77, however, is so large that it would require an 460 

explanation. We note that this is the experiment at IW-0.2 that had to be performed twice, possibly due 461 

to weakening of the Mo wire by oxidation at this relatively high oxygen fugacity (see section 2.1). 462 

However, we did not observe any oxygen in a WDS analysis on metal from this experiment. It therefore 463 

remains unclear to us what caused the issues with performing a successful experiment at this oxygen 464 

fugacity, but it appears this issue may also have affected the isotopic fractionation. 465 



Our results are ostensibly at odds with the results of Hin et al. (2013). They found no effect on Mo 466 

isotope fractionation between metal and silicate as a function of oxygen fugacity over a fO2 range of 467 

about two log units and obtained an average fractionation factor of -0.19±0.03‰ at 1400°C. However, 468 

the Mo oxidation state in silicate liquids of Hin et al. (2013) and the extent to which it varied with 469 

oxygen fugacity remained unclear in their study. For instance, the oxygen fugacity in their experiments 470 

was calculated from FeO and Fe activities in the silicate and metal. Compositionally, their systems were 471 

rather complex and variable. They determined oxygen fugacities between about IW-1.7 and IW-0.5 for 472 

a large portion of their experiments. Another portion of experiments were calculated to be around 473 

IW+0.5 if a constant FeO activity coefficient of 1.7 (Holzheid et al., 1997) was used for all experiments. 474 

Alternatively, the fO2 would have been close to IW in the melts with high FeO (up to 49 wt%) because 475 

Raoult’s Law implies lower activity coefficients close to 1. Their silicate compositions and some of 476 

their variability (notably FeO and SnO2) lie outside the parameter space investigated in O’Neill and 477 

Eggins (2002). However, based on CaO- and MgO-parameterised activity model of these authors, we 478 

estimate Mo6+ abundances in experiments of Hin et al. (2013) to have varied between 29% and 63% 479 

(Figure 7). According to our present observation, Mo6+ variations between 29% and 63% would affect 480 

the metal-silicate isotope fractionation factor by ~0.16‰. Although there is experimental variability 481 

beyond analytical uncertainties in the results of Hin et al. (2013) (e.g. compare results at Mo6+/ΣMo of 482 

~0.3 and ~0.5 in Figure 7), we would expect this difference to have been detectable. We speculate that 483 

perhaps the presence of up to 49 wt% FeO (and 3.66 wt% SnO2) in the experiments of Hin et al. may 484 

have suppressed the relative increase in Mo6+ in their experiments compared to what we calculated here. 485 

Such changes in composition might have counteracted the effects of oxygen fugacity on Mo6+/ΣMo, a 486 

feature that did not occur in the experiments we performed here because of the constant composition of 487 

the silicate liquid.  488 

The calculations above suggest that Hin et al. (2013) obtained a fractionation factor between metal 489 

and silicate containing both Mo4+ and Mo6+. However, the Mo6+/ΣMo variations in their glasses as 490 

calculated above are affected by the uncertainties regarding the oxygen fugacity calculations and by the 491 

dependence of Mo6+/ΣMo on oxygen fugacity in their complex, Fe-rich systems. Instead, we can use 492 

the mean fractionation factor of -0.19±0.03‰ obtained at 1400°C in their work and equation (4) above 493 

to independently determine an average Mo6+/ΣMo in their glasses. In this manner, we obtain a relative 494 

Mo6+ abundance of 43±10%. This value reassuringly falls in the 0.29-0.63 range of Mo6+/ΣMo 495 

calculated above with the CaO and MgO contents of their glasses and the activity model of O’Neill and 496 

Eggins (2002). The agreement between these calculations of Mo6+/ΣMo in the experiments of Hin et al. 497 

(2013) implies that changing from a solid Mo metal to liquid Fe-Mo±Sn±C alloy does not cause 498 

substantial changes in the fractionation of Mo isotopes between metal and silicate liquid, though with 499 

the caveat that Hin et al. (2013) did not observe an oxygen fugacity dependence of Mo isotope 500 

fractionation as discussed above. 501 



The accuracy of the isotopic fractionation factors in our present data could be affected by 502 

contamination of metal nuggets in the silicate melt, which would lead to underestimation of the 503 

fractionation. As the Mo metal/silicate partition coefficient strongly increases with decreasing oxygen 504 

fugacity, our observed negative correlation with Mo6+ abundance (i.e. oxygen fugacity) could thus result 505 

from metal contamination in our silicate analyses. However, we do not think that any of the wire loop 506 

experiments are affected by such metal contamination. First, we did not observe metal nuggets on a 507 

sub-micron scale with a scanning electron microscope, except in areas directly at the contact with the 508 

Mo wire. Whilst such contaminated areas may explain some of the metal contaminated XANES spectra, 509 

these contaminated areas were avoided when picking glass for isotopic analysis. Second, our double 510 

spike analyses provide an independent measurement of the Mo content in the glasses on which we 511 

analysed Mo isotope compositions. As can be seen in Table 1, Mo contents of six of the eleven glasses 512 

for which we have determined Mo contents by both double spike ([Mo]D.S.) and microprobe ([Mo]EPMA) 513 

analysis are within ±10% of each other, which is good considering estimated weighing uncertainties of 514 

~5% on our small samples (usually <5 mg). The other samples deviate more, with [Mo]D.S./[Mo]EPMA 515 

between 0.67 and 1.61. That these ratios vary both above and below unity implies that weighing 516 

inaccuracies in the small sample weights are a more likely cause for the concentration deviations than 517 

metal contamination. The absence of significant metal contamination in our isotopic analyses is 518 

confirmed in Figure 8 by the absence of a correlation between [Mo]D.S./[Mo]EPMA as proxy for potential 519 

metal contamination and Mo isotope fractionation factors. If higher Mo contents determined by our 520 

double spike analyses were due to metal contamination, the data should follow the modelled curve 521 

shown as stippled arrows in Figure 8. It appears that the data do not follow this modelled contamination 522 

effect, although there is much scatter when plotting observed Mo isotope fractionation factors (Figure 523 

8a). However, this diagram does not correct for systematic changes in Δ98/95Mometal-silicate with changing 524 

Mo6+/ΣMo, as discussed above. To account for this variability, we assume that the slope of about -0.51 525 

in Figure 3 describes the effect of such variable Mo6+ abundances on the isotope fractionation factors. 526 

We can then determine potential residual effects of metal contamination by normalising all isotope 527 

fractionation factors to a single Mo6+/ΣMo of an experiment for which our isotopic analyses apparently 528 

have not been affected by metal contamination, i.e. an experiment for which [Mo]D.S./[Mo]EPMA is close 529 

to unity. The results of this normalisation are presented in Figure 8b, which confirms that our analyses 530 

are not significantly affected by metal contamination. The negative correlation between Mo isotope 531 

fractionation factors and Mo6+ abundances (Figure 4) thus cannot be due to metal contamination. 532 

 533 

4.2.2 Au-Mo experiments 534 

The experiments with silicate liquid coexisting with liquid Au-Mo alloys were performed to verify 535 

whether Mo isotope fractionation as a function of Mo6+/ΣMo reproduced in an independent 536 

compositional system. The glasses of these experiments display analytically significant scatter in 537 

repeated digestions of the same experiments (Table 2). Some of this poor reproducibility is also 538 



displayed in the isotopic fractionation factors at low Mo6+/ΣMo in Figure 4a. This scatter could indicate 539 

experimental issues, for instance with slower equilibration due to interaction with the SiO2 glass tubes. 540 

However, a linear fit through the three Au-Mo alloy experiments with highest Mo6+/ΣMo yields a slope 541 

of -0.52±0.15 and an intercept of 0.34±0.06‰, a slope that is indistinguishable to that of the wire loop 542 

experiments (-0.51±0.05). 543 

Interestingly, the silicates in the experiments with Au-Mo alloys are not enriched in heavy Mo 544 

isotopes, but instead are enriched in light Mo isotopes by 0.298±0.010‰ to 0.087±0.009‰ (Figure 4a). 545 

The change in sign of the Mo isotope fractionation factor between the wire loop and Au-Mo experiments 546 

cannot be due to the more SiO2-rich and CaO-poor silicate compositions because we observed no such 547 

silicate composition effect in wire loop experiments with such different compositions (cf. open and 548 

filled squares in Figure 4). The difference of 0.31‰ in the intercepts of the linear fits to the Au-Mo 549 

alloy and wire loop experiments therefore implies that the relevant bonds in an Au-Mo alloy are 550 

substantially stiffer than in pure Mo or Fe-based alloys containing Mo. This compositional effect may 551 

appear surprising given that Hin et al. (2013) observed no effect of composition in Fe-based alloys in 552 

the system Fe-Mo±Sn±C. Furthermore, we inferred above that changing from such Fe-based alloys to 553 

pure Mo also does not noticeably influence Mo isotope fractionation with respect to silicate liquids. 554 

However, effects of metal compositions on Fe isotope fractionation have been suggested to occur in 555 

relation to substitutional bonding of elements in Fe-based alloys (Elardo and Shahar, 2017). Crystalline 556 

Au-Mo alloys with up to 2.5 wt% Mo form a face-centred cubic (fcc) crystal structure that has a 557 

coordination number of 12, just like pure gold metal (Massalski et al., 1986). In contrast, pure Mo and 558 

Fe metals as well as Fe-Mo alloys with low Mo contents (less than ~30 wt% at ~1400°C) form eight-559 

fold coordinated body-centred cubic crystals at high temperature (Guillermet, 1982). Given the higher 560 

coordination of the unit cell in Au-Mo alloys compared to pure Mo metal, we might expect weaker 561 

bonding and hence a more negative Mo isotope fractionation factor in the Au-Mo alloys than in pure 562 

Mo metal. This contrasts with our observations. However, the fcc structure that characterizes Au-Mo 563 

alloys with low Mo content have octahedrally and tetrahedrally coordinated interstitial sites in their 564 

crystal lattice. We therefore speculate here that Mo occupies a relatively strongly bonded, interstitial 565 

site with tetrahedral coordination in Au-Mo alloys, while it occupies the weaker bonded, 8-fold 566 

coordinated main lattice sites in pure Mo or Fe-based alloys. Although an Au95Mo5 alloy has no 567 

relevance for core formation, our Au-Mo alloy experiments imply that a better understanding of metal 568 

compositional effects on isotope fractionation in general may be required in future (see also review in 569 

(Bourdon et al., 2018). 570 

 571 

4.3 Geological implications and conclusions 572 

The results of our experiments refine the work of Hin et al. (2013) in the sense that we show that 573 

Mo isotope fractionation between metal and silicate liquid depends on the relative abundances of Mo6+ 574 

and Mo4+ in the silicate liquid, such that it is better described by our equation (4). Mo isotopes could 575 



thus be used to constrain the temperature or silicate Mo6+/ΣMo during core formation (Figure 9), if one 576 

of the two can be reasonably constrained by alternative means. The oxygen fugacity during core 577 

formation may therefore be constrained with Mo isotopes, because it can be deduced from Mo6+/ΣMo, 578 

although this may require a better understanding of Mo4+ and Mo6+ activity coefficients under the high 579 

pressure and temperature conditions of terrestrial core formation with Fe-rich metals and silicates. 580 

 Interestingly, equation (4) shows that if silicate liquid contains a relative Mo6+ abundance of 581 

<5.6%, the silicate liquid will be enriched in light Mo isotopes relative to the metal, but this value drops 582 

to <1.7% for the fractionation to be detectable outside analytical uncertainties. Contrary to the previous 583 

statement in Hin et al. (2013), the sense of fractionation during core formation could have led to a minor 584 

enrichment of the mantle in light Mo isotopes under highly reduced conditions. This is relevant 585 

considering that the δ98/95MoSRM3134 of the bulk silicate Earth appears slightly sub-chondritic. However, 586 

enrichment of the mantle in light Mo isotopes following core formation seems highly unlikely. Firstly, 587 

temperatures of core formation on Earth are generally believed to have been between roughly 2000°C 588 

and 3000°C based on metal-silicate partitioning studies (Ballhaus et al., 2013; Righter et al., 2010; 589 

Siebert et al., 2011; Wade and Wood, 2005). At 2000°C, equation (4) predicts the mantle Mo isotope 590 

composition to be enriched in light Mo isotopes by 0.016±0.011‰ for a silicate liquid with Mo6+/ΣMo 591 

of zero. As shown in Figure 9, this shift is smaller than the uncertainty of 0.02‰ in the bulk Earth 592 

δ98/95MoSRM3134 of -016±0.02‰, which Burkhardt et al. (2014) proposed based on Mo isotope analysis 593 

of a collection of chondrites and iron meteorites.  594 

Secondly, it seems unlikely that silicate liquids had Mo6+/ΣMo of zero during core formation, 595 

despite the evidence that oxygen fugacities during Earth’s core formation ranged broadly between IW-596 

4 and IW-1. Molybdenum has frequently been described as occurring dominantly as Mo4+ in silicate 597 

liquids at conditions of core formation based on Mo partitioning studies between metal and silicate 598 

liquids (Holzheid et al., 1994; O'Neill and Eggins, 2002; Wade et al., 2012; Walter and Thibault, 1995). 599 

But we can see in Figure 10 that, for instance, the partitioning data of the 1.5 GPa, 1650°C experiments 600 

of Wade et al. (2012) fit better with a silicate Mo6+/ΣMo of 0.2 than 0. Additionally, we can also use 601 

the CaO- and MgO-parameterised model of O’Neill and Eggins (2002) to estimate the relative 602 

abundance of Mo6+ in a peridotitic silicate liquid, with the caveat that this model is based on a simple, 603 

four-component silicate system containing CaO, MgO, Al2O3 and SiO2. For 1400°C and 105 Pa, the 604 

temperature and pressure at which their model was calibrated, we obtain a Mo6+/ΣMo of ~0.02 and 605 

~0.34 at oxygen fugacities of IW-4 and IW-1, respectively. Despite the inclusion of a temperature 606 

dependence in the CaO-and MgO-parameterised model, extrapolating the calculation of Mo6+/ΣMo to 607 

temperatures and pressures of terrestrial core formation are highly uncertain. A Gibbs free energy of 608 

formation exists for solid MoO2, but not for liquid MoO2 because the solid sublimates (Blackburn et 609 

al., 1958). O’Neill and Eggins (2002) used a TiO2-based approximation to estimate a melting correction 610 

for the Gibbs free energy of formation of MoO2, but its accuracy over large temperature extrapolation 611 

remains unverified. Due to the unstable nature of liquid MoO2, we were also unable to find any thermal 612 



expansion data for this phase, which would be required to approximate a pressure correction term if we 613 

were to approximate core formation at high temperatures and pressures. Nonetheless, it appears that 614 

although Mo occurs dominantly as Mo4+ in silicate liquids under core formation conditions, it does not 615 

do so exclusively. This presence of small amounts of Mo6+ further minimises the likelihood that core 616 

formation could have detectably enriched Earth’s mantle in light instead of heavy Mo isotopes. 617 

Our refined parameterisation of Mo isotope fractionation during core formation therefore does not 618 

seem to affect an important consequence of Mo isotope fractionation during core formation, which has 619 

previously been highlighted (Burkhardt et al., 2014; Hin et al., 2013; Willbold and Elliott, 2017); the 620 

silicate portion of a planetary body cannot be significantly enriched in light Mo isotopes following core 621 

formation. Depending on temperature and relative Mo6+ abundance, core formation either does not 622 

significantly fractionate Mo isotopes, or it enriches the mantle in heavy Mo isotopes (Figure 9). If we 623 

assume that a Mo6+/ΣMo of ~0.1 in silicate liquids occurred during terrestrial core formation, we obtain 624 

a δ98/95MoSRM3134 of -0.15±0.02‰ for Earth’s mantle after core formation at 2000°C or 3000°C from 625 

equation (4). This value is within error of bulk Earth δ98/95MoSRM3134 (-0.16±0.02‰) proposed by 626 

Burkhardt et al. (2014). Interestingly, however, several studies have now suggested that Earth’s upper 627 

mantle may in fact be slightly depleted in heavy Mo isotopes, although the difference is barely 628 

resolvable and not all studies agree (Figure 9).  629 

Previous studies have proposed various mechanisms for such enrichment in light Mo isotopes in 630 

the terrestrial upper mantle, including partial melting of the mantle (Bezard et al., 2016) and crust 631 

formation (Greber et al., 2015; Willbold and Elliott, 2017). As the Mo isotope composition of the crust 632 

has been suggested to be relatively heavy (Voegelin et al., 2014), it may mass balance the relatively 633 

light composition of the mantle (Greber et al., 2015; Willbold and Elliott, 2017). This suggestion would 634 

fit well with observations in Freymuth et al. (2015) that arc lavas are enriched in heavy Mo isotopes 635 

compared to mid-ocean ridge basalts. These authors deduced from their observations that dehydration 636 

of subducting slabs enriches the mantle wedge in heavy Mo isotopes, leaving the residual subducting 637 

slab enriched in light Mo isotopes that recycled back into the mantle. Freymuth et al. (2015) 638 

hypothesized that rutile, which has octahedral cation coordination, might be responsible for retaining 639 

light Mo isotopes in the slab during such dehydration.  640 

It is beyond the scope of our contribution to further assess the processes that might enrich the 641 

terrestrial, upper mantle in light Mo isotopes. However, as we have mentioned in section 4.2.2, we infer 642 

from our metal-silicate experiments that silicate liquid containing 100% Mo6+, which is tetrahedrally 643 

coordinated in such silicate liquid, is enriched in heavy Mo isotopes by 0.51±0.07‰ at 1400°C 644 

compared to silicate liquid containing 100% Mo4+, which is octahedrally coordinated. By extrapolation, 645 

isotopic fractionation between tetrahedrally coordinated Mo6+ and octahedrally coordinated Mo4+ would 646 

be ~1.5‰ at 700°C, a temperature relevant for subduction dehydration. Depending on whether 647 

coordination or valence state effects dominate Mo isotope fractionation, effects that our work cannot 648 

disentangle, and depending on Mo valence in rutile, which is poorly constrained, strong enrichment in 649 



light Mo isotopes may occur in residual rutile equilibrated with slab fluids in subduction zones, as 650 

hypothesized by Freymuth et al. (2015). The potential enrichment in light Mo isotopes in dehydrated 651 

slabs highlights the possibility that recycling such rocks (e.g. eclogites) into Earth’s mantle through 652 

protracted subduction and subsequent mixing, continually enriched Earth’s mantle in light Mo isotopes 653 

throughout its geologic history explaining its modern, relatively light Mo isotope composition.  654 

 655 

 656 

Acknowledgements 657 

We are grateful to Giannantonio Cibin and Steve Parry for their support during analysis at the 658 

Diamond Light Source, and to Stuart Kearns and John Spratt for help with the microprobe. The Swiss 659 

National Science Foundation funded this work by Fellowship grant PBEZP2-145969 to RCH, with 660 

further support from NERC grants NE/H023933/1 to TE and NE/L007428/1 to TE and MJW. 661 

 662 

 663 

Table and Figure captions 664 

 665 

 666 

Figure 1 (1 column wide). Molybdenum contents of the glasses, obtained by microprobe analysis, 667 

as a function of oxygen fugacity. Squares are for glasses from wire loop experiments, circles for glasses 668 

from experiments with Au-Mo alloys. Solid line is the best fit to the data for the high-CaO composition. 669 

Results from this study are compared with data for the two most relevant glass compositions of O’Neill 670 

and Eggins (2002). When error bars (2se) are not visible they are smaller than the symbols. 671 

 672 

Figure 2 (2 columns wide). X-ray absorption near-edge spectra showing normalised intensities as 673 

a function of incident X-ray energy for (a) glasses from experiments equilibrated with Mo wire loops 674 

and (b) glasses equilibrated with Au-Mo alloys in open-ended silica tubes. The uppermost spectra in 675 

both panels are for the reference glass materials. Stippled line at 20005 eV indicates the energy of the 676 

pre-edge feature indicative of Mo6+. 677 

 678 

Figure 3 (1 column wide). Abundance of Mo6+ compared to all Mo (Mo6+/ΣMo) in silicate glasses 679 

as a function of oxygen fugacity. All data are obtained from XANES analyses whose spectra were 680 

sufficiently free of contamination that Mo6+ abundances could be determined from the pre-edge feature. 681 

Error bars indicate the range of results obtained depending on choice of Mo4+ peak height in the spectra, 682 

which is poorly constrained in our analyses. The solid and broken curves show a model for a change 683 

from Mo6+ to Mo4+ (see equation (1)) fitted to the two data sets. The stippled curve shows a similar 684 

thermodynamic model but based on the empirical CaO and MgO content parameterisation of O’Neill 685 

and Eggins (2002) and the CaO contents in the glasses of our wire loop experiments.  686 



 687 

Figure 4 (1 column wide). Molybdenum isotope fractionation factors between metal and silicate as 688 

a function of Mo6+/ΣMo determined from XANES analyses. Stippled lines are linear fits to the data (see 689 

text for details). Large grey error bars on three of the Au-Mo experiments are 2s based on poorly 690 

reproduced replicate digestions as opposed to 2se based on the long-term 2s of geological reference 691 

material JB-2 (see Table 2). 692 

 693 

Figure 5 (1 column wide). Molybdenum isotopic data normalised to 98Mo/94Mo from unspiked 694 

analyses. The stippled curves show the 2s reproducibility of NIST SRM3134 based on 26 analyses of 695 

this reference standard. Note that individual points have been slightly offset from their true masses to 696 

better visualise their error bars. 697 

 698 

Figure 6 (1 column wide). Wavelength dispersive spectrum of metals from wire loop experiments 699 

normalised (and reference to zero) to the spectrum of a reference Mo metal. A piece of metal from 700 

experiment IW-3.0 shows a distinct peak at the wavelength representing carbon as well as a significant 701 

depression at the wavelength representing Mo-Mζ. Note that spectra were also collected on metals from 702 

experiments IW-2.0 and IW-1.1. Both these spectra are in marked contrast with the spectrum of IW-703 

3.0, but they are not significantly different to each other. Only the spectrum of IW-2.0 is therefore 704 

shown to improve visibility of the features of the two shown spectra. 705 

 706 

Figure 7 (1 column wide). Molybdenum isotope fractionation factors between metal and silicate as 707 

a function of Mo6+/ΣMo. Data from wire loop experiments of this study are compared to data from Hin 708 

et al. (2013), from whom we show all fractionation factors from experiments at 1400°C that equilibrated 709 

(i.e. run duration ≥1.5 hours). The Mo6+/ΣMo of these literature data have been estimated with the CaO- 710 

and MgO-parameterised model of O’Neill and Eggins (2002), despite that their compositional 711 

parameterisation was done on silicate glasses free of FeO (and SnO2; see text for details).  712 

 713 

Figure 8 (2 columns wide). a) Molybdenum isotope fractionation factors between metal and silicate 714 

plotted against the ratio of Mo concentrations determined by double spike analysis and microprobe 715 

analysis ([Mo]D.S./[Mo]EPMA). Stippled arrows indicate the modelled effect of metal contamination. 716 

Error bars as in Figure 4. b) Same as a), but with normalised Mo isotope fractionation factors to correct 717 

for systematic changes with varying Mo6+/ΣMo. All Mo isotope fractionation factors of each of the two 718 

sets of experiments have been normalised to the same Mo6+/ΣMo as an experiment with 719 

[Mo]D.S./[Mo]EPMA near unity (i.e. wire loop IW-1.1 with [Mo]D.S./[Mo]EPMA of 1.04 and Mo6+/ΣMo of 720 

0.55, and Au-Mo alloy experiment IW-0.5 with [Mo]D.S./[Mo]EPMA of 0.98 and Mo6+/ΣMo of 0.40). This 721 

normalisation has been made using the slope 0.51 in Figure 3 to eliminate the effect of variable 722 



Mo6+/ΣMo on the Mo isotope fractionation factors. This normalisation visualises potential residual 723 

effects of metal contamination, which appear insignificant in our experiments given that the 724 

experiments do not significantly follow the modelled effect of metal contamination. 725 

 726 

Figure 9 (1 column wide). Mo isotope composition of the terrestrial mantle predicted in a single 727 

stage core formation model as a function of metal-silicate equilibration temperature. The core formation 728 

model assumes a Mo metal-silicate partition coefficient of 100, following Willbold and Elliott (2017). 729 

The broken curves are based on equation (4) for different Mo6+/ΣMo values; an error field is shown on 730 

one curve for comparison. The composition of the core is identical to the mean chondrite composition 731 

of Burkhardt et al. (2014). Also shown are estimates of the Mo isotope composition of the upper mantle 732 

as deduced from komatiites (cross; (Greber et al., 2015)), mid-ocean ridge basalts (diamond and 733 

pentagram; (Bezard et al., 2016), and (Liang et al., 2017), respectively) and “slightly altered” mid-ocean 734 

ridge basalts (asterisk; (Freymuth et al., 2015)).  735 

 736 

Figure 10 (1 column wide). Molybdenum metal/silicate partition coefficients (corrected for activity 737 

coefficients in the metal) against oxygen fugacity relative to the iron-wüstite buffer in experiments of 738 

Wade et al. (2012). Experiments contain liquid, Fe-based metal alloys with compositions thought to 739 

represent cores of planets such as Earth, coexisting with ultra-mafic silicate liquids. Although these 740 

experiments appear to fit a curve with slope -1 indicative of Mo6+/ΣMo equal to zero, they seem to fit 741 

even better to a curve with slope -1.1 indicative of Mo6+/ΣMo equal to 0.2. This confirms that Mo is 742 

dominantly tetravalent in ultra-mafic silicate melt during core formation, but that it is likely not 743 

exclusively tetravalent. Figure modified from Wade et al. (2012). 744 

 745 

Table 1. Compositions of silicate glasses. Values are means of analyses on various spots on the 746 

glass and are wt%, except for Mo contents, which are ppm. Standard errors of the mean (2se) are also 747 

based on the various spots. Concentrations below detection limits are shown as <d.l. 748 

Sample SiO2 2se CaO 2se Al2O3 2se Mo 2se Total 2se Moa Mo6+/ΣMob 

Wire loop experiments                   

IW-0.2 41.70 0.07 41.37 0.05 12.29 0.03 21043 87 98.17 0.09 19781 0.77(6) 

IW-0.5 42.72 0.12 43.26 0.05 12.79 0.04 6952 63 99.70 0.08 11209 0.71(7) 

IW-0.8 42.93 0.12 43.52 0.05 12.93 0.05 2675 66 99.74 0.10 2864 0.63(8) 

IW-0.8c 61.38 0.11 28.55 0.08 8.57 0.03 530 14 98.57 0.16 534 0.47d 

IW-1.1 43.10 0.11 43.44 0.09 12.94 0.04 1196 51 99.63 0.07 1239 0.55(8) 

IW-1.4 43.53 0.07 42.51 0.07 12.62 0.04 461 33 98.73 0.07 497 0.47e 

IW-1.7 44.38 0.11 42.55 0.09 12.68 0.03 219 34 99.64 0.07 318 0.39e 

IW-2.0 43.14 0.11 43.61 0.06 13.03 0.02 84 69 99.79 0.08 126.3 0.31e 

IW-2.3 42.98 0.06 43.67 0.05 13.02 0.02 <d.l.   99.68 0.07 73.7 0.24(6) 

IW-2.6 42.87 0.10 42.93 0.09 12.71 0.04 <d.l.   98.51 0.07 73.2 0.19e 

IW-3.0 43.16 0.07 43.37 0.08 12.92 0.03 <d.l.   99.46 0.08   0.13e 

Au-Mo alloy experiments                   

IW-0.2 65.57 0.12 25.38 0.06 7.63 0.02 1354 15 98.76 0.18 912 0.48(10) 



IW-0.5 65.70 0.07 26.42 0.06 7.83 0.02 148 66 99.97 0.04 145.6 0.40(9) 

IW-0.8 65.78 0.13 25.53 0.14 7.59 0.03 75 11 98.91 0.27 92.2 0.32(8) 

IW-1.1 65.89 0.06 25.51 0.03 7.63 0.02 <d.l.   99.04 0.07 63.6 0.25(7) 

IW-1.4 65.80 0.06 26.49 0.05 7.82 0.01 <d.l.   100.11 0.06 23.1 0.19(6) 

IW-1.7 67.30 0.06 25.33 0.04 7.47 0.02 <d.l.   100.10 0.07 42.1 0.15(5) 

Footnotes: aMo concentration (ppm) determined by double spike analysis. Relative errors ~5% based 749 

on weighing error estimates for samples with weights <5 mg. bDetermined from height of pre-edge 750 

feature in XANES spectra, unless otherwise indicated. Values in brackets are errors reffering to the last 751 

decimal. cThis wire loop experiment was performed with a more SiO2-rich starting material. dThe 752 

relative Mo6+ abundance of this SiO2-rich wire loop experiment was estimated with the CaO- and MgO-753 

parameterised model of O'Neill and Eggins (2002) (see text). eRelative Mo6+ abundances obtained from 754 

a thermodynamic fit (see equation (1)) through the results obtained for the other spectra, because the 755 

XANES spectra were too contaminated to extract Mo6+ abundances. Note that this method yielded only 756 

0.02 higher ratios than a thermodynamic fit through double spike concentration data following 757 

equations 9, 10 and 21 in O'Neill and Eggins (2002).  758 

 759 

Table 2. Molybdenum isotope compositions relative to the international reference standard NIST 760 

SRM3134 and metal-silicate fractionation factors. 761 

Sample δ98/95MoSRM3134 2sea nb Δ98/95Mometal-silicate
c 2se 

Mo wire loops           

    Metal mean -0.098 0.005 35,4     

IW-0.2a 0.024 0.009 9     

IW-0.2b 0.030 0.014 4     

    IW-0.2 mean 0.025 0.008 13,2 -0.123 0.009 

IW-0.5a 0.216 0.009 9     

IW-0.5b 0.214 0.014 4     

    IW-0.5 mean 0.215 0.008 13,2 -0.313 0.009 

IW-0.8 0.103 0.009 9 -0.201 0.011 

IW-0.8 SiO2-rich 0.134 0.012 6 -0.232 0.013 

IW-1.1 0.160 0.009 9 -0.258 0.011 

IW-1.4 0.116 0.009 9 -0.214 0.011 

IW-1.7 0.094 0.011 7 -0.192 0.012 

IW-2.0 0.009 0.012 6 -0.107 0.013 

IW-2.3 -0.011 0.012 6 -0.087 0.013 

IW-3.0 -0.302 0.012 6 0.203 0.013 

Au-Mo alloys           

    Metal mean -0.381 0.006 24,4     

IW-0.2a -0.447 0.009 9     

IW-0.2b -0.453 0.014 4     

IW-0.2c -0.530 0.014 4     

    IW-0.2 mean -0.468 0.007 17,3 0.087 0.009 

IW-0.5a -0.541 0.009 9     

IW-0.5b -0.493 0.014 4     



    IW-0.5 mean -0.527 0.008 13,2 0.145 0.010 

IW-0.8a -0.548 0.009 9     

IW-0.8b -0.546 0.014 4     

    IW-0.8 mean -0.547 0.008 13,2 0.166 0.010 

IW-1.1a -0.729 0.009 9     

IW-1.1b -0.567 0.014 4     

    IW-1.1 mean -0.679 0.008 13,2 0.298 0.010 

IW-1.4 -0.553 0.012 6 0.172 0.013 

IW-1.7 -0.568 0.012 6 0.187 0.013 

Standards           

JB-2 0.046 0.008 12,3     

AJ011 -0.687 0.009 9     

Footnotes: aStandard error of the mean, calculated with the 2s of JB-2 (0.028‰). bTotal number of 762 

repeated measurements. If two numbers are listed, the second number refers to the number of replicate 763 

digestions (listed in this Table), except for metals where it represents the number of experiments of 764 

which a metal piece has been analysed (not listed). cFractionation factor, calculated as the isotopic 765 

composition of the metal minus that of the silicate. 766 

 767 

Table 3. Mo isotopic compositions of unspiked analysed internally normalised to 98Mo/94Mo of 768 

2.630639 and externally normalised to NIST SRM3134. 769 

Sample ε92Mo 2s.e. ε95Mo 2s.e. ε96Mo 2s.e. ε97Mo 2s.e. ε100Mo 2s.e. n 

CPI 0.02 0.09 -0.02 0.05 -0.01 0.05 -0.07 0.07 -0.01 0.09 12 

Metal 0.02 0.11 -0.01 0.06 0.04 0.07 0.06 0.08 0.04 0.11 6 

IW-0.2 -0.09 0.12 -0.01 0.07 -0.02 0.07 -0.01 0.09 -0.02 0.12 8 

IW-0.5 -0.10 0.12 0.05 0.07 0.00 0.07 0.01 0.09 -0.11 0.12 7 

IW-1.7 -0.09 0.13 -0.01 0.07 0.03 0.08 0.00 0.10 0.08 0.13 7 

 770 
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Figure 1. Molybdenum contents of the glasses, obtained by microprobe analysis, as a function of 

oxygen fugacity. Squares are for glasses from wire loop experiments, circles for glasses from 

experiments with Au-Mo alloys. Solid line is the best fit to the data for the high-CaO composition. 

Results from this study are compared with data for the two most relevant glass compositions of 

O’Neill and Eggins (2002). When error bars (2se) are not visible they are smaller than the symbols. 
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Figure 2. X-ray absorption near-edge spectra showing normalised intensities as a function of 

incident X-ray energy for (a) glasses from experiments equilibrated with Mo wire loops and (b) glasses 

equilibrated with Au-Mo alloys in open-ended silica tubes. The uppermost spectra in both panels are 

for the reference glass materials. Stippled line at 20005 eV indicates the energy of the pre-edge feature 

indicative of Mo6+. 
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Figure 3. Abundance of Mo6+ compared to all Mo (Mo6+/ΣMo) in silicate glasses as a function of 

oxygen fugacity. All data are obtained from XANES analyses whose spectra were sufficiently free of 

contamination that Mo6+ abundances could be determined from the pre-edge feature. Error bars 

indicate the range of results obtained depending on choice of Mo4+ peak height in the spectra, which is 

poorly constrained in our analyses. The solid and broken curves show a model for a change from 

Mo6+ to Mo4+ (see equation (1)) fitted to the two data sets. The stippled curve shows a similar 

thermodynamic model but based on the empirical CaO and MgO content parameterisation of O’Neill 

and Eggins (2002) and the CaO contents in the glasses of our wire loop experiments.  
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Figure 4. Molybdenum isotope fractionation factors between metal and silicate as a function of 

Mo6+/ΣMo determined from XANES analyses. Stippled lines are linear fits to the data (see text for 

details). Large grey error bars on three of the Au-Mo experiments are 2s based on poorly reproduced 

replicate digestions as opposed to 2se based on the long-term 2s of geological reference material JB-2 

(see Table 2). 
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Figure 5. Molybdenum isotopic data normalised to 98Mo/94Mo from unspiked analyses. The 

stippled curves show the 2s reproducibility of NIST SRM3134 based on 26 analyses of this reference 

standard. Note that individual points have been slightly offset from their true masses to better 

visualise their error bars. 
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Figure 6. Wavelength dispersive spectrum of metals from wire loop experiments normalised (and 

reference to zero) to the spectrum of a reference Mo metal. A piece of metal from experiment IW-3.0 

shows a distinct peak at the wavelength representing carbon as well as a significant depression at the 

wavelength representing Mo-Mζ. Note that spectra were also collected on metals from experiments 

IW-2.0 and IW-1.1. Both these spectra are in marked contrast with the spectrum of IW-3.0, but they 

are not significantly different to each other. Only the spectrum of IW-2.0 is therefore shown to 

improve visibility of the features of the two shown spectra. 
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Figure 7. Molybdenum isotope fractionation factors between metal and silicate as a function of 

Mo6+/ΣMo. Data from wire loop experiments of this study are compared to data from Hin et al. 

(2013), from whom we show all fractionation factors from experiments at 1400°C that equilibrated 

(i.e. run duration ≥1.5 hours). The Mo6+/ΣMo of these literature data have been estimated with the 

CaO- and MgO-parameterised model of O’Neill and Eggins (2002), despite that their compositional 

parameterisation was done on silicate glasses free of FeO (and SnO2; see text for details).  
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Figure 8. a) Molybdenum isotope fractionation factors between metal and silicate plotted against 

the ratio of Mo concentrations determined by double spike analysis and microprobe analysis 

([Mo]D.S./[Mo]EPMA). Stippled arrows indicate the modelled effect of metal contamination. Error bars 

as in Figure 4. b) Same as a), but with normalised Mo isotope fractionation factors to correct for 

systematic changes with varying Mo6+/ΣMo. All Mo isotope fractionation factors of each of the two 

sets of experiments have been normalised to the same Mo6+/ΣMo as an experiment with 

[Mo]D.S./[Mo]EPMA near unity (i.e. wire loop IW-1.1 with [Mo]D.S./[Mo]EPMA of 1.04 and Mo6+/ΣMo of 

0.55, and Au-Mo alloy experiment IW-0.5 with [Mo]D.S./[Mo]EPMA of 0.98 and Mo6+/ΣMo of 0.40). 

This normalisation has been made using the slope 0.51 in Figure 3 to eliminate the effect of variable 

Mo6+/ΣMo on the Mo isotope fractionation factors. This normalisation visualises potential residual 

effects of metal contamination, which appear insignificant in our experiments given that the 

experiments do not significantly follow the modelled effect of metal contamination. 
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Figure 9. Mo isotope composition of the terrestrial mantle predicted in a single stage core 

formation model as a function of metal-silicate equilibration temperature. The core formation model 

assumes a Mo metal-silicate partition coefficient of 100, following Willbold and Elliott (2017). The 

broken curves are based on equation (4) for different Mo6+/ΣMo values; an error field is shown on one 

curve for comparison. The composition of the core is identical to the mean chondrite composition of 

Burkhardt et al. (2014). Also shown are estimates of the Mo isotope composition of the upper mantle 

as deduced from komatiites (cross; Greber et al., 2015), mid-ocean ridge basalts (diamond and 

pentagram; Bezard et al., 2016, and Liang et al., 2017, respectively) and “slightly altered” mid-ocean 

ridge basalts (asterisk; Freymuth et al., 2015).  
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Figure 10. Molybdenum metal/silicate partition coefficients (corrected for activity coefficients in 

the metal) against oxygen fugacity relative to the iron-wüstite buffer in experiments of Wade et al. 

(2012). Experiments contain liquid, Fe-based metal alloys with compositions thought to represent 

cores of planets such as Earth, coexisting with ultra-mafic silicate liquids. Although these experiments 

appear to fit a curve with slope -1 indicative of Mo6+/ΣMo equal to zero, they seem to fit even better 

to a curve with slope -1.1 indicative of Mo6+/ΣMo equal to 0.2. This confirms that Mo is dominantly 

tetravalent in ultra-mafic silicate melt during core formation, but that it is likely not exclusively 

tetravalent. Figure modified from Wade et al. (2012). 


