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S1 Modelling 

The effects of increasing and decreasing proportions of p-, s- and r-process components 
on Mo isotope patterns can be modelled using different normalisation schemes. Here, 
normalisations to 98Mo/96Mo, 92Mo/98Mo and 97Mo/95Mo are modelled, and the potential 
advantages and disadvantages of each procedure are discussed. The models are calculated by 
mixing the distinct nucleosynthetic components with a terrestrial Mo isotope composition. For 
consistency, all nucleosynthetic contributions are obtained from the same data set (Arlandini et 
al., 1999), as are the terrestrial Mo isotope abundances (Lu and Masuda, 1994). 

S1.1 Normalisation to 98Mo/ 96Mo 

Normalisation to 98Mo/96Mo = 1.453174 produces the distinctive Mo isotope patterns 
displayed in Fig. S1. A p-process excess (a) results in positive ε92Mo and ε94Mo values. An s-
process excess (b) produces a characteristic m-shaped pattern, while an r-process excess (c) 
produces a w-shape but with an extra kink at 94Mo, in agreement with Burkhardt et al. (2011). 
The excesses and deficits are mirror images of each other. It is noteworthy that 96Mo and 98Mo 
are both partially or wholly s-process isotopes, and so any s-process excess/deficit should not 
dramatically alter the 98Mo/96Mo ratio (Becker and Walker, 2003). 

 
Fig. S1 Effects on Mo isotope patterns of p-, s- and r-process excesses/deficits relative to terrestrial Mo, for 
iMo/96Mo ratios normalised to 98Mo/96Mo = 1.453174. Nucleosynthetic contributions from Arlandini et al. 
(1999) are used to calculate isotope anomalies (εiMo) relative to terrestrial Mo. Anomalies are scaled so the 
absolute value of largest anomaly in each panel = 1ε. 

S1.2 Normalisation to 92Mo/ 98Mo 

Normalising to 92Mo/98Mo = 0.607898 produces less distinctive patterns for s- and r-
process excesses and deficits (Fig. S2), with smaller anomalies that are more difficult to 
resolve than those produced by 98Mo/96Mo normalisation (except ε100Mo for r-excess/deficit). 
Since 92Mo is produced entirely by the p-process, and 98Mo is an s- and r-process nuclide, any 
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excess or deficit in the p-, s- or r-process contributions will significantly affect the 92Mo/98Mo 
ratio, leading to apparent anomalies that may actually be artefacts of the normalisation. 
Consequently, the isotope pattern as a whole must be considered rather than individual 
isotopes.  

 
Fig. S2 Effects on Mo isotope patterns of p-, s- and r-process excesses/deficits relative to terrestrial Mo, for 
iMo/98Mo ratios normalised to 92Mo/98Mo = 0.607898. Nucleosynthetic contributions from Arlandini et al. 
(1999) are used to calculate isotope anomalies (εiMo) relative to terrestrial Mo. Each panel is scaled relative to 
the respective panel in Fig. S1.  

S1.3 Normalisation to 97Mo/ 95Mo 

Normalising to 97Mo/95Mo = 0.602083 produces patterns that are more distinctive (Fig. 
S3) than the 92Mo/98Mo normalisation but not as obvious as the 98Mo/96Mo normalisation 
scheme for s-process effects. The 97Mo/95Mo normalisation does, however, have the advantage 
that both 95Mo and 97Mo do not have any isobaric interferences, whereas all isotopes used in 
the previous normalisation schemes do (92Mo = 92Zr; 96Mo = 96Ru and 96Zr; 98Mo = 98Ru). 
Critically, 95Mo and 97Mo have very similar s- and r-process contributions (97Mo: 59% s- and 
41% r-; 95Mo: 55% and 45%). Therefore, variations in these components will not alter the 
97Mo/95Mo ratio as significantly as the 98Mo/96Mo ratio. 
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Fig. S3 Effects on Mo isotope patterns of p-, s- and r-process excesses/deficits relative to terrestrial Mo, for 
iMo/95Mo ratios normalised to 97Mo/95Mo = 0.602083. Nucleosynthetic contributions from Arlandini et al. 
(1999) are used to calculate isotope anomalies (εiMo) relative to terrestrial Mo. Each panel is scaled relative to 
the respective panel in Fig. S1. 

S2 Analytical Techniques 

S2.1 Reagents and materials 

All sample preparation and processing was performed in Class 10 laminar flow hoods 
in a Class 1000 Clean Room at the MAGIC Laboratories at Imperial College London. 
Concentrated HNO3 (15 M), 6 M HCl and concentrated HCl (11 M) were purified in-house by 
sub-boiling distillation in quartz and Teflon stills, respectively. Trace element grade Optima 
HBr (8 M) was purchased from Fischer Scientific, while trace element grade Plasma Pure Plus 
HF (28 M) was purchased from Qmx. All necessary dilutions were made using Millipore 
18 MΩ cm H2O. 

Savillex PFA vials were used for sample handling, and were cleaned sequentially in 
8 M HNO3, 6 M HCl and dilute distilled acids (HNO3 and HCl). Prior to use, the vials received 
a final cleaning by refluxing with a solution of distilled 4 M HNO3 and 0.05 M HF. 

S2.2 Iron meteorite sample preparation 

Specimens of 53 iron meteorites from 11 different groups were obtained from the 
Natural History Museum, London, and private collectors (Table S1). Following initial abrasion 
with silicon carbide paper (80–220 grades) to remove any visible effects of weathering and saw 
marks, the samples were sequentially leached in 0.5 M HBr and 6 M HCl for 1 hour in an 
ultrasonic bath, followed by leaching with modified aqua regia (prepared from 6 M HCl and 
15 M HNO3, 3:1) for 30 minutes, to remove terrestrial contamination. The leached samples 
were then submersed in distilled ethanol, dried and weighed, before being digested in modified 
aqua regia on a hotplate at 100–140 °C. 



 

 

 5  
 

Table S1  
List of meteorites analysed in study. 

Group Sample Mass (g) a Source  b 

    IAB Bitburg 1.6 
 

NHM: BM. 1985,M278 
 Campo Del Cielo 1 5.7 Private Collector 
 Campo Del Cielo 2 7.5 Private Collector 
 Campo Del Cielo 3 7.2 Private Collector 
 Canyon Diablo 1 1.1 Private Collector 
 Canyon Diablo 2 1.2 Private Collector 
 Cosby's Creek 6.0 NHM: BM. 1985,M291 
 Odessa 3.8 NHM: BM. 1966,270 
 Toluca 7.0 Private Collector 
    IC Arispe 1 1.1 NHM: BM. 2005,M11 
 Arispe 2 0.8 NHM: BM. 2005,M11 
 Arispe 3 0.6 NHM: BM. 2005,M11 
 Arispe 4 0.7 NHM: BM. 2005,M11 
 Bendego 1 3.4 NHM: BM. 1938,2656 
 Bendego 2 1.4 NHM: BM. 1938,2656 
 Santa Rosa 4.4 NHM: BM. 1985,M291 
    IIAB Coahuila 2.6 NHM: BM. 41031 
 Murphy 2.3 NHM: BM. 84552 
 Negrillos 1.0 NHM: BM. 1938,2656 
 North Chile 3.4 NHM: BM. 1959,917 
 Sikhote Alin 1 7.9 Private Collector 
 Sikhote Alin 2 2.0 NHM: BM. 1992,M39 
    IIC Ballinoo 0.7 NHM: BM. 1920,285 
 Kumerina 7.2 NHM: BM. 1938,220 
 Salt River 0.6 NHM: BM. 1985,M202 

     IIE Kodaikanal 2.2 NHM: BM. 1920,310 
 Verkhne Dnieprovsk 1.6 NHM: BM. 51183 
 Weekeroo Station 3.8 NHM: BM. 1929,196 
    IIIAB Bear Creek 4.6 NHM: BM. 1959,973 
 Cape York 1.9 NHM: BM. 2005,M66 
 Charcas 1 2.4 NHM: BM. 85075 
 Charcas 2 1.4 NHM: BM. 85075 
 Henbury 1 7.3 NHM: BM. 1932,1405 
 Henbury 2 6.9 NHM: BM. 1934,337 
 Lenarto 2.7 NHM: BM. 2005,M154 
 Santa Apolonia 1 0.8 NHM: BM. 1959,971 
 Santa Apolonia 2 2.1 NHM: BM. 1959,971 
 Verkhne Udinsk 5.6 NHM: BM. 36012 
 Williamette 4.6 NHM: BM. 1977,M8 
    IIICD Carlton 1 3.4 NHM: BM. 65790 
 Carlton 2 1.7 NHM: BM. 65790 
 Nantan 1 5.4 Private Collector 
 Nantan 2 6.7 Private Collector 
    IIIE Staunton 3.2 NHM: BM. 44761 
    IIIF Clark County 2.5 NHM: BM. 1959,949 
    IVA Gibeon 1 4.1 Private Collector 
 Gibeon 2 1.9 NHM: BM. 2005,M115 
 Muonionalusta 1.1 Private Collector 
 Obernkirchen 2.2 NHM: BM. 36056 
    IVB Cape of Good Hope 2.1 NHM: BM. 1985,M246 
 Santa Clara 1.1 NHM: BM. 1983,M27 
 Tlacotepec 1 0.8 NHM: BM. 1959,913 
 Tlacotepec 2 1.0 NHM: BM. 1959,913 
    a Mass available for analysis, after leaching; b NHM = Natural History Museum, London. 
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S2.3 Ion-exchange chromatography 

Separation of Mo was achieved by a two-stage procedure (Table S2), which applies 
anion exchange chromatography with Bio-Rad AG1-X8 resin (200–400 mesh, chloride form). 
The first stage was adapted from Pearce et al. (2009). The second stage was adapted from 
Schönbächler et al. (2004), and repeated two or three times depending on the Ru content of the 
samples.  

Table S2  
Ion-exchange chemistry for separation of Mo from iron meteorites. 

Stage 1: Bio-Rad column, 2 ml resin reservoir, 8 ml acid reservoir 
Resin: Bio-Rad AG1-X8, 200–400 mesh, chloride form (2 ml) 
Step Resin volumes Acid 
Cleaning 15 3 M HNO3 
Pre-condition resin 2 1 M HF / 0.5 M HCl 
Load Sample 5–10 1 M HF / 0.5 M HCl 
Rinse matrix (inc. Fe, Ni) 4 1 M HF / 0.5 M HCl 
Rinse matrix (Ru) 5 1 M HF 
Collect Mo 5 3 M HNO3 

 
Stage 2: Teflon column, 0.15 ml resin reservoir, 3 ml acid reservoir 
Resin: Bio-Rad AG1-X8, 200–400 mesh, chloride form (0.15 ml) 
Step Resin volumes Acid 
Cleaning 16 3 M HNO3 
Pre-condition resin 9 4 M HF 
Load Sample 5 4 M HF 
Rinse matrix (Ru) 12 4 M HF 
Rinse matrix (Zr & W) 7 6 M HCl / 1 M HF 
Collect Mo 5 3 M HNO3 

For each sample, 100–300 mg of meteorite (~2000 ng Mo) was loaded onto the 
columns, and Mo yields were typically 75–90%. Full procedural blanks were commonly 
< 2 ng. The blank contribution to the total Mo analysed per sample was thus < 1‰ and hence 
negligible. Following the chemistry, the purified Mo fractions typically had Ru/Mo and Zr/Mo 
ratios of lower than 3 × 10−5 and 4 × 10−5, respectively. These correspond to corrections of less 
than 50 ppm for Ru interferences, and less than 100 ppm for Zr (Table S8 and Table S9). 

S2.4 Mass spectrometry interference and mass bias corrections 

The isotope measurements were performed using the Nu Instruments Nu Plasma HR 
MC-ICP-MS at the Imperial College MAGIC Laboratories, and samples were delivered via a 
Nu Instruments DSN-100 desolvating nebuliser at an uptake rate of ~140 µl/min. Typical 
sensitivity for Mo was 150–180 V/ppm for solutions with ~200 ppb Mo.  
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The data were acquired in a two-sequence routine, with the Faraday cup configurations 
as indicated in Table S3. A simultaneous measurement of 92Mo, 94Mo, 95Mo, 96Mo, 97Mo, 
98Mo, 100Mo and 99Ru ion beams (using Faraday cups equipped with 1011 Ω resistors) was 
performed in the first sequence. The second sequence, which immediately followed the first, 
determined the 90Zr/95Mo ratio used for Zr interference corrections. The analyses utilised 2 
blocks with 20 integrations of 8 seconds each for the first sequence, and of 2 seconds each for 
the second sequence. Each block was preceded by a 45 second on-peak baseline measurement 
while the ion beam was deflected by the electrostatic analyser. 

Table S3  
Faraday cup configuration for Mo isotope measurements. 

Faraday Cup L5 L4 L3 L2 L1 Ax H1 H2 H3 H4 H5 H6 
Sequence 1 92  94 95  96  97  98 99 100 
Sequence 2 90  92   94  95  96 97 98 

 
 

Possible spectral interferences on the Mo isotopes are shown in Table S4. Zirconium 
interferences were corrected using 90Zr as the interference monitor and the Zr isotopic 
abundances of Schönbächler et al. (2004). Ruthenium interferences were corrected using 99Ru 
as the interference monitor and the Ru isotopic abundances of Becker et al. (2002). Spectral 
interferences from molecular species and doubly charged ions were also monitored but the 
separation chemistry for Mo was efficient enough so that no corrections were needed. 
Additionally, while large amounts of 93Nb may generate peak-tailing effects on 92Mo and 94Mo 
(Schönbächler et al., 2004), iron meteorites have low Nb concentrations and the chemical 
separation produces Mo fractions with Nb contents that are much too low to impact the 
measurements of Mo isotopes.  

Table S4  
Important spectral interferences on Mo isotopes. 

Interference 92Mo 94Mo 95Mo 96Mo 97Mo 98Mo 100Mo 

        
Isobars 92Zr 

 
94Zr 
 

 96Zr 
96Ru 

 98Ru 100Ru 

Doubly charged ions 184W2+ 

184Os2+ 
188Os2+ 190Os2+ 

190Pt2+ 

192Os2+ 

192Pt2+ 

194Pt2+ 196Pt2+ 

196Hg2+ 
200Hg2+ 

 

Argides 52Cr40Ar 54Cr40Ar 
54Fe40Ar 

55Mn40Ar 56Fe40Ar 57Fe40Ar 58Fe40Ar 60Ni40Ar 

Oxides 76Se16O 
76Ge16O 

78Se16O 
78Kr16O 

79Br16O 80Se16O 
80Kr16O 

81Br16O 82Se16O 
82Kr16O 

84Se16O 
84Kr16O 

 
Instrumental mass bias was corrected by internal normalisation to 98Mo/96Mo = 

1.453174 (‘8/6’), 92Mo/98Mo = 0.607898 (‘2/8’) and 97Mo/95Mo = 0.602083 (‘7/5’), using the 
exponential law (Lu and Masuda, 1994; Wombacher and Rehkämper, 2003; Young et al., 



 

 

 8  
 

2002). An iterative procedure was used to subtract the effects of Ru and Zr isobaric 
interferences (Table S4) from the normalising ratios. 

S3 Standard solutions and reference materials 

Typical external reproducibility (2σ = 2sd) and internal precision (2se) of the NIST 
SRM 3134 Mo standard measurements are shown in Table S5 and Table S6, respectively. The 
precision achieved here is generally a factor of ~1.5 better than the most precise published Mo 
isotope data, by Burkhardt et al. (2011). Primarily, the improved precision arises from the 
higher ion beam intensities that were achieved here through use of ~200 ppb Mo solutions for 
all measurements, rather than the ~100 ppb solutions utilised by Burkhardt et al. (2011). 

Table S5 
External reproducibility of Mo isotope measurements, as shown by the typical 2σ precision of analyses of 
NIST SRM 3134 Mo solutions over a measurement session (n > 50). 

Normalising Ratio ε92Mo ε94Mo ε95Mo ε96Mo ε97Mo ε98Mo ε100Mo 
        98Mo/96Mo ±0.47 ±0.31 ±0.23 - ±0.17 - ±0.28 

92Mo/98Mo - ±0.19 ±0.19 ±0.15 ±0.17 - ±0.26 
97Mo/95Mo ±0.46 ±0.27 - ±0.17 - ±0.25 ±0.45 

        
Table S6 
Internal precision of Mo isotope measurements, as shown by the typical 2se value for a single run of a 200 ppb 
NIST SRM 3134 Mo solution. 

Normalising Ratio ε92Mo ε94Mo ε95Mo ε96Mo ε97Mo ε98Mo ε100Mo 
        98Mo/96Mo ±0.29 ±0.23 ±0.16 - ±0.11  - ±0.16 

92Mo/98Mo - ±0.12 ±0.10 ±0.09 ±0.11 - ±0.12 
97Mo/95Mo ±0.24 ±0.17 - ±0.12 - ±0.15 ±0.26 

        

Normalisation to 92Mo/98Mo gives a better precision for most of the Mo isotope ratios 
in comparison to 98Mo/96Mo normalisation, because it spans most of the large Mo mass range. 
In contrast, normalisation to 98Mo/96Mo appears to provide less precise data particularly at the 
mass extremes, presumably because the ratio spans less of the Mo mass range and/or has minor 
issues with the interference correction for Ru.  

As explained in Section S1.2, the nucleosynthetic Mo isotope signatures following 
normalisation to 92Mo/98Mo are far less characteristic and anomalies hence less easily resolved, 
in comparison to use of 98Mo/96Mo and 97Mo/95Mo for normalisation. Moreover, the magnitude 
of anomalies, as documented by previous studies (Burkhardt et al., 2011; Dauphas et al., 2002), 
are much smaller for 92Mo/98Mo normalisation, such that the effects are more similar to the 
reproducibility of the standard measurements. Consequently, data normalisation to 98Mo/96Mo 
and 97Mo/95Mo is much more suitable for resolving nucleosynthetic Mo isotope anomalies.  
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The robustness and reproducibility of the Mo separation procedure and MC-ICP-MS 
Mo isotope measurements were routinely evaluated by repeated analyses of two terrestrial 
standard reference materials, NIST SRM 129c (High-Sulphur Steel) and NIST SRM 361 (AISI 
4340 Steel). These materials were chosen as they have a bulk composition that approximates 
iron meteorites, whereby the former is particularly suitable due to its high (2%) sulphur 
content.  

Aliquots of NIST SRM 3134 Mo were also processed through the ion-exchange 
chromatography and analysed to ensure no analytical artefacts perturb the isotope 
measurements. Finally, a Mo standard solution (ICL-Mo, Specpure 35758), which is used in-
house as a secondary stable Mo isotope reference material (Goldberg et al., 2013), was 
routinely analysed as a sample versus NIST SRM 3134 Mo, for further quality control and to 
ascertain stable run conditions. Notably, analyses of all standard reference materials routinely 
yielded terrestrial Mo isotope compositions (Table S7 and Fig. S4). 

Table S7  
Molybdenum isotope data for terrestrial standard reference materials. 

Normalised to 98Mo/96Mo  
Reference Material   N a ε92Mo ε94Mo ε95Mo ε97Mo ε100Mo 
                 NIST SRM 129c 9 −0.13 ± 0.09 −0.05 ± 0.07 −0.05 ± 0.06 −0.03 ± 0.04 −0.08 ± 0.09 
NIST SRM 361 8 0.11 ± 0.16 0.08 ± 0.08 0.07 ± 0.05 −0.01 ± 0.06 0.01 ± 0.12 
NIST SRM 3134 b 10 0.01 ± 0.10 0.05 ± 0.08 0.00 ± 0.04 −0.07 ± 0.04 −0.03 ± 0.09 
ICL-Mo 12 0.07 ± 0.13 0.06 ± 0.08 0.05 ± 0.05 0.03 ± 0.03 0.04 ± 0.07 
MEAN  0.00 ± 0.14 0.03 ± 0.08 0.01 ± 0.07 −0.04 ± 0.04 −0.03 ± 0.05 
                 

Normalised to 92Mo/98Mo 
Reference Material   N a ε94Mo ε95Mo ε96Mo ε97Mo ε100Mo 
                 NIST SRM 129c 9 0.00 ± 0.07 −0.02 ± 0.07 0.04 ± 0.03 −0.02 ± 0.04 −0.09 ± 0.10 
NIST SRM 361 8 0.02 ± 0.11 0.02 ± 0.08 −0.04 ± 0.05 −0.03 ± 0.07 0.03 ± 0.10 
NIST SRM 3134 b 10 0.01 ± 0.08 0.00 ± 0.05 −0.01 ± 0.04 −0.08 ± 0.04 −0.04 ± 0.07 
ICL-Mo 12 −0.02 ± 0.05 −0.02 ± 0.06 −0.02 ± 0.04 0.00 ± 0.05 0.05 ± 0.05 
MEAN  0.01 ± 0.01 0.00 ± 0.03 0.00 ± 0.04 −0.04 ± 0.04 −0.03 ± 0.07 
                 
Normalised to 97Mo/95Mo 
Reference Material   N a ε92Mo ε94Mo ε96Mo ε98Mo ε100Mo 
                 NIST SRM 129c 9 −0.04 ± 0.18 0.02 ± 0.10 0.06 ± 0.04 0.05 ± 0.07 0.01 ± 0.17 
NIST SRM 361 8 −0.08 ± 0.16 −0.02 ± 0.08 −0.03 ± 0.04 0.07 ± 0.10 0.16 ± 0.21 
NIST SRM 3134 b 10 −0.10 ± 0.11 −0.02 ± 0.06 0.00 ± 0.03 0.08 ± 0.07 0.18 ± 0.04 
ICL-Mo 12 0.04 ± 0.12 0.07 ± 0.06 −0.01 ± 0.02 0.00 ± 0.06 −0.01 ± 0.08 
MEAN  −0.08 ± 0.03 −0.01 ± 0.03 0.01 ± 0.05 0.07 ± 0.02 0.12 ± 0.11 
                 a Number of times sample analysed; b Aliquots of NIST SRM 3134 run through Mo separation chemistry. All uncertainties 

are 2se = 2σ/√n. 
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Fig. S4 Molybdenum isotope data for terrestrial standard reference materials relative to NIST SRM 3134. 
Uncertainties are 2se. Grey-shaded area represents reproducibility (2σ) of the bracketing NIST SRM 3134 
runs. a Aliquots of NIST SRM 3134 processed through the Mo separation chemistry.  

S3.1 Corrections for isobaric interferences 

Ruthenium and Zr interference corrections for the typical Ru/Mo and Zr/Mo ratios of 
the purified Mo fractions of iron meteorites are shown in Table S8 and Table S9. For all 
normalisation schemes, the Ru corrections are most severe on ε100Mo, and for Zr on ε94Mo. 

Table S8  
Ruthenium corrections (ppm) for Mo fractions with Ru/Mo = 3 × 10−5. 

Normalising Ratio ε92Mo ε94Mo ε95Mo ε96Mo ε97Mo ε98Mo ε100Mo 
        98Mo/96Mo 30 20 15 - 10 - 45 

92Mo/98Mo - 1 1 10 2 - 35 
97Mo/95Mo 0 0 - 10 - 2 40 

        
Table S9  
Zirconium corrections (ppm) for Mo fractions with Zr/Mo = 4 × 10−5. 

Normalising Ratio ε92Mo ε94Mo ε95Mo ε96Mo ε97Mo ε98Mo ε100Mo 
        98Mo/96Mo 30 70 10 - 5 - 5 

92Mo/98Mo - 50 25 10 10 - 15 
97Mo/95Mo 60 100 - 10 - 0 0 

        

To test the accuracy of the corrections, NIST SRM 3134 Mo standard solutions were 
doped with variable levels of Ru and Zr. Corrections were found to provide accurate Mo 
isotope data up to Ru/Mo = 3.5 × 10−4 (equivalent to corrections of ~500 ppm) and Zr/Mo = 
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1.7 × 10−3 (~2900 ppm) (Fig. S5 and Fig. S6). These maximum levels are well above the 
typical Ru/Mo and Zr/Mo ratios of the purified Mo fractions. 

 
 

 
 
 
 

 

 
 
 
 

 

 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 

 
 
 

Fig. S5 ε100Mo data obtained for NIST 
SRM 3134 Mo solutions, doped with Ru. 
Grey bars represent 2σ external 
reproducibility of the NIST SRM 3134 Mo 
solutions. Error bars on data points are 2se 
in-run precisions. Normalising to 98Mo/96Mo 
is most sensitive to Ru as both normalising 
isotopes have isobaric interferences from Ru 
(a). An accurate correction for ε100Mo is 
possible up to Ru/Mo of 3.5 × 10−4. 

Fig. S6 ε94Mo data obtained for NIST 
SRM 3134 Mo solutions, doped with Zr 
SRM. Grey bars represent 2σ external 
reproducibility of the NIST SRM 3134 Mo 
solutions. Error bars on data points are 2se in-
run precisions. The Zr interference on ε94Mo 
can be adequately corrected up to Zr/Mo of 
1.7 × 10−3. Above this value, the uncertainties 
become significant, most likely because the 
Mo-based mass bias correction no longer 
provides an accurate correction for the mass 
bias encountered by Zr. 
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S4 Iron meteorite data 

S4.1 Normalised to 98Mo/ 96Mo  

Molybdenum isotope data internally normalised to 98Mo/96Mo = 1.453174 are shown in 
Fig. S7. Meteorites of all groups, except IAB/IIICD, exhibit offsets from εiMo(8/6) = 0, with the 
largest anomalies for ε92Mo(8/6) and the magnitude of anomalies decreasing in the order 
ε92Mo(8/6) > ε94Mo(8/6) > ε95Mo(8/6) > ε100Mo(8/6) > ε97Mo(8/6). This gives rise to the characteristic 
w-shaped pattern of s-process deficits, as predicted by the modelling (Fig. S1e).  

 
Fig. S7 Molybdenum isotope data for iron meteorites, normalised to 98Mo/96Mo, measured relative to NIST 
SRM 3134.  Shown are group means with 2se uncertainties. Grey-shaded area represents reproducibility (2σ) 
of the bracketing SRM runs, which represent the terrestrial Mo isotope composition. 

Whilst the positive ε97Mo(8/6) anomaly could potentially be caused by, at least in part, 
decay of extinct 97Tc (t1/2 ~ 3.8 Myr) to 97Mo, Dauphas et al. (2002) and Burkhardt et al. (2011) 
showed that any such radiogenic contribution is likely to be insignificant. The amplitudes of 
the anomalies displayed by the different magmatic iron groups are variable, whereby the IIC 
irons have the most extreme anomalies with ε92Mo(8/6) = +3.12 ± 0.27, whilst the IVAs are the 
least anomalous magmatic iron group (ε92Mo(8/6) = +0.95 ± 0.19). 

The non-magmatic IAB and IIICD groups, often termed the IAB/IIICD complex (e.g., 
Wasson and Kallemeyn, 2002), present Mo isotope compositions indistinguishable from 
terrestrial Mo, while the non-magmatic IIE group is slightly anomalous with ε92Mo(8/6) = 
+0.86 ± 0.32. 
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S4.2 Normalised to 92Mo/ 98Mo  
Table S10  
Molybdenum isotope compositions of iron meteorites, normalised to 92Mo/98Mo. 

  Group Sample   N a  ε94Mo(2/8)
 b   ε95Mo(2/8)

 b  ε96Mo(2/8)
 b  ε97Mo(2/8)

 b  ε100Mo(2/8)
 b 

                    IAB Bitburg 10 0.03 ± 0.04 0.04 ± 0.04 0.03 ± 0.02 −0.01 ± 0.03 −0.05 ± 0.05 
 Campo del Cielo 1 11 −0.04 ± 0.04 −0.21 ± 0.02 −0.10 ± 0.04 −0.11 ± 0.06 0.19 ± 0.10 
 Campo del Cielo 2 9 0.09 ± 0.05 −0.03 ± 0.05 −0.04 ± 0.04 −0.04 ± 0.03 0.03 ± 0.02 
 Campo del Cielo 3 9 −0.01 ± 0.07 −0.12 ± 0.06 −0.03 ± 0.03 0.00 ± 0.07 0.08 ± 0.11 
 Canyon Diablo 1 6 0.00 ± 0.12 −0.15 ± 0.10 0.02 ± 0.08 −0.05 ± 0.09 0.18 ± 0.19 
 Canyon Diablo 2 6 0.04 ± 0.13 −0.17 ± 0.14 0.04 ± 0.08 −0.02 ± 0.10 0.08 ± 0.09 
 Cosby's Creek 13 0.02 ± 0.05 0.07 ± 0.05 0.01 ± 0.03 −0.04 ± 0.03 −0.11 ± 0.06 
 Odessa 10 0.06 ± 0.07 −0.14 ± 0.07 −0.03 ± 0.02 −0.01 ± 0.06 0.14 ± 0.04 
 Toluca 12 0.09 ± 0.05 −0.07 ± 0.04 0.00 ± 0.03 −0.05 ± 0.04 0.03 ± 0.05 
 IAB MEAN  0.04 ± 0.03 −0.06 ± 0.08 0.00 ± 0.03 −0.03 ± 0.02 0.04 ± 0.08 
                              IC Arispe 1 8 0.19 ± 0.03 −0.29 ± 0.06 −0.32 ± 0.04 0.04 ± 0.05 0.63 ± 0.11 
 Arispe 2 7 0.19 ± 0.04 −0.22 ± 0.06 −0.31 ± 0.04 0.00 ± 0.05 0.51 ± 0.07 
 Arispe 3 4 0.11 ± 0.14 −0.26 ± 0.02 −0.39 ± 0.04 0.01 ± 0.06 0.52 ± 0.06 
 Arispe 4 8 0.20 ± 0.08 −0.20 ± 0.08 −0.34 ± 0.04 0.04 ± 0.06 0.56 ± 0.12 
 Bendego 1 9 0.20 ± 0.07 −0.28 ± 0.05 −0.37 ± 0.06 0.00 ± 0.07 0.69 ± 0.07 
 Bendego 2 7 0.19 ± 0.04 −0.24 ± 0.05 −0.30 ± 0.03 −0.05 ± 0.05 0.52 ± 0.09 
 Santa Rosa 8 0.20 ± 0.06 −0.27 ± 0.04 −0.36 ± 0.05 −0.04 ± 0.04 0.64 ± 0.08 
 IC MEAN  0.19 ± 0.02 −0.26 ± 0.01 −0.35 ± 0.02 −0.01 ± 0.04 0.60 ± 0.05 
                              IIAB Coahuila 12 0.20 ± 0.04 −0.20 ± 0.03 −0.46 ± 0.04 0.01 ± 0.04 0.83 ± 0.04 
 Murphy 11 0.26 ± 0.06 −0.13 ± 0.06 −0.40 ± 0.04 0.04 ± 0.05 0.77 ± 0.06 
 Negrillos 10 0.23 ± 0.07 −0.20 ± 0.05 −0.49 ± 0.04 0.02 ± 0.05 0.75 ± 0.07 
 North Chile 16 0.23 ± 0.06 −0.21 ± 0.05 −0.49 ± 0.04 0.01 ± 0.04 0.93 ± 0.09 
 Sikhote Alin 1 13 0.24 ± 0.05 −0.25 ± 0.04 −0.52 ± 0.02 −0.01 ± 0.04 0.84 ± 0.08 
 Sikhote Alin 2 8 0.24 ± 0.06 −0.12 ± 0.02 −0.44 ± 0.05 −0.01 ± 0.09 0.69 ± 0.01 
 IIAB MEAN  0.23 ± 0.02 −0.18 ± 0.03 −0.46 ± 0.03 0.01 ± 0.02 0.81 ± 0.07 
                          IIC Ballinoo 7 0.27 ± 0.07 0.11 ± 0.04 −0.99 ± 0.06 0.31 ± 0.06 1.99 ± 0.08 
 Kumerina 10 0.27 ± 0.05 0.04 ± 0.05 −0.94 ± 0.03 0.25 ± 0.05 2.04 ± 0.07 
 Salt River 6 0.32 ± 0.07 0.06 ± 0.04 −1.08 ± 0.06 0.35 ± 0.07 1.87 ± 0.07 
 IIC MEAN  0.28 ± 0.03 0.07 ± 0.05 −1.00 ± 0.08 0.31 ± 0.06 1.96 ± 0.10 
                          IIE Kodaikanal 6 0.13 ± 0.06 −0.17 ± 0.06 −0.34 ± 0.05 −0.07 ± 0.03 0.55 ± 0.08 
 Verkhne Dnieprovsk 8 0.12 ± 0.04 −0.10 ± 0.05 −0.32 ± 0.05 0.00 ± 0.05 0.50 ± 0.07 
 Weekeroo Station 5 0.20 ± 0.12 −0.11 ± 0.07 −0.17 ± 0.03 −0.01 ± 0.05 0.47 ± 0.13 
 IIE MEAN  0.15 ± 0.05 −0.12 ± 0.04 −0.27 ± 0.10 −0.03 ± 0.05 0.51 ± 0.04 
                              IIIAB Bear Creek 10 0.25 ± 0.04 −0.18 ± 0.06 −0.38 ± 0.06 0.01 ± 0.03 0.77 ± 0.07 
 Cape York 8 0.21 ± 0.05 −0.17 ± 0.03 −0.42 ± 0.03 −0.06 ± 0.07 0.74 ± 0.04 
 Charcas 1 6 0.19 ± 0.12 −0.25 ± 0.13 −0.36 ± 0.02 −0.05 ± 0.06 0.71 ± 0.13 
 Charcas 2 9 0.25 ± 0.04 −0.24 ± 0.05 −0.35 ± 0.06 0.03 ± 0.04 0.74 ± 0.03 
 Henbury 1 6 0.23 ± 0.07 −0.23 ± 0.06 −0.36 ± 0.05 −0.03 ± 0.09 0.68 ± 0.06 
 Henbury 2 10 0.26 ± 0.05 −0.18 ± 0.05 −0.39 ± 0.06 0.02 ± 0.05 0.69 ± 0.04 
 Lenarto 10 0.17 ± 0.04 −0.21 ± 0.03 −0.45 ± 0.03 −0.04 ± 0.04 0.77 ± 0.06 
 Santa Apolonia 1 6 0.20 ± 0.08 −0.19 ± 0.04 −0.40 ± 0.09 −0.02 ± 0.06 0.67 ± 0.04 
 Santa Apolonia 2 8 0.19 ± 0.05 −0.23 ± 0.07 −0.38 ± 0.05 −0.03 ± 0.06 0.69 ± 0.10 
 Verkhne Udinsk 7 0.14 ± 0.06 −0.24 ± 0.03 −0.46 ± 0.04 −0.05 ± 0.06 0.93 ± 0.09 
 Williamette 8 0.17 ± 0.04 −0.17 ± 0.06 −0.45 ± 0.06 −0.03 ± 0.05 0.79 ± 0.04 
 IIIAB MEAN  0.20 ± 0.03 −0.21 ± 0.02 −0.41 ± 0.03 −0.03 ± 0.02 0.76 ± 0.06 
                              IIICD Carlton 1 5 0.07 ± 0.09 −0.15 ± 0.08 −0.12 ± 0.06 −0.08 ± 0.02 0.05 ± 0.11 
 Carlton 2 2 −0.05 ± 0.15 −0.21 ± 0.02 −0.10 ± 0.06 −0.12 ± 0.33 0.17 ± 0.11 
 Nantan 1 10 0.01 ± 0.07 −0.09 ± 0.05 −0.04 ± 0.04 −0.05 ± 0.06 0.12 ± 0.09 
 Nantan 2 11 0.06 ± 0.06 −0.08 ± 0.05 0.02 ± 0.03 −0.07 ± 0.04 0.01 ± 0.06 
 IIICD MEAN  0.02 ± 0.03 −0.14 ± 0.10 −0.06 ± 0.10 −0.08 ± 0.05 0.09 ± 0.04 
                              IIIE Staunton 8 0.14 ± 0.09 −0.26 ± 0.09 −0.45 ± 0.06 0.00 ± 0.06 0.83 ± 0.18 
                          IIIF Clark County 7 0.10 ± 0.04 0.11 ± 0.06 −0.55 ± 0.03 0.12 ± 0.04 1.12 ± 0.06 
                              IVA Gibeon 1 5 0.08 ± 0.05 −0.14 ± 0.09 −0.35 ± 0.08 −0.05 ± 0.05 0.55 ± 0.17 
 Gibeon 2 4 0.11 ± 0.12 −0.14 ± 0.06 −0.31 ± 0.05 0.00 ± 0.05 0.41 ± 0.11 
 Muonionalusta 7 0.11 ± 0.08 −0.06 ± 0.08 −0.24 ± 0.09 0.05 ± 0.06 0.69 ± 0.09 
 Obernkirchen 6 0.11 ± 0.06 −0.18 ± 0.05 −0.33 ± 0.03 −0.01 ± 0.06 0.54 ± 0.08 
 IVA MEAN  0.10 ± 0.01 −0.13 ± 0.07 −0.30 ± 0.06 0.01 ± 0.05 0.57 ± 0.12 
                              IVB Cape of Good Hope 10 0.05 ± 0.05 0.01 ± 0.06 −0.67 ± 0.05 0.17 ± 0.06 1.34 ± 0.05 
 Santa Clara 12 0.09 ± 0.02 0.01 ± 0.04 −0.62 ± 0.04 0.19 ± 0.08 1.42 ± 0.08 
 Tlacotopec 1 9 0.10 ± 0.04 −0.10 ± 0.06 −0.60 ± 0.05 0.15 ± 0.04 1.37 ± 0.03 
 Tlacotopec 2 12 0.16 ± 0.04 −0.04 ± 0.03 −0.48 ± 0.04 0.19 ± 0.05 1.39 ± 0.07 
 IVB MEAN  0.09 ± 0.04 −0.02 ± 0.05 −0.61 ± 0.07 0.18 ± 0.01 1.38 ± 0.05 
                            a Number of times sample was analysed; b Normalised to 92Mo/98Mo = 0.607898 (Lu and Masuda, 1994), using the 

exponential law, εiMo = [(iMo/98Mo)smp/(iMo/98Mo)std −1] × 104; Uncertainties for samples are 2se = 2σ/√n, where n is the 
number of times a sample was analysed. Uncertainties for group means are 2se = 2σ/√n, where n is the number of ‘unique’ 
samples analysed for that group (for samples with multiple specimens, the mean of specimens is taken to represent that 
sample when calculating the group mean). 
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Results for normalisation to 92Mo/98Mo are presented in Table S10 and Fig. S8. As 
predicted by the modelling (Fig. S2e), the Mo isotope patterns for this normalisation are far 
less characteristic than for 98Mo/96Mo, and the anomalies at ε94Mo(2/8), ε95Mo(2/8) and ε97Mo(2/8) 
are closer to the reproducibility of the standard measurements and hence less easily resolved. 
Only the anomalies at ε100Mo(2/8), and to a lesser extent ε96Mo(2/8), are easily resolved using this 
normalisation scheme. 

 
Fig. S8 Molybdenum isotope data for iron meteorites, normalised to 92Mo/98Mo, measured relative to NIST 
SRM 3134.  Shown are group means with 2se uncertainties. Grey-shaded area represents reproducibility (2σ) 
of the bracketing SRM runs, which represent the terrestrial Mo isotope composition. 

Just like the data normalised to 98Mo/96Mo, the isotope patterns for 92Mo/98Mo are again 
suggestive of variable s-process deficits (Fig. S2e), with the IIC irons showing the largest 
anomalies (ε100Mo(2/8) = +1.96 ± 0.10) and the IVAs the smallest anomalies of the magmatic 
irons (ε100Mo(2/8) = +0.57 ± 0.12). The non-magmatic IAB/IIICD complex again exhibits a 
terrestrial Mo isotope composition. 

While the data normalised to 98Mo/96Mo (and 97Mo/95Mo; see below) readily reveal two 
isotopically distinct suites of iron meteorites arising from correlated and uncorrelated p- and r-
excesses (see Fig. 4 and Fig. 5 in Main Article), it is much harder to resolve the suites with 
data normalised to 92Mo/98Mo. This reflects that (i) the anomalies are smaller with 92Mo/98Mo 
normalisation and thus deviations from pure s-deficit patterns are more difficult to resolve, and 
(ii) the normalisation scheme uses a pure p-process nuclide (92Mo) and a mixed s- and r-
process nuclide (98Mo), which reduces the magnitude of any effects. It is still possible, 
however, to resolve the two suites in a plot of ε100Mo(2/8) versus ε95Mo(2/8) (Fig. S9). 
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Fig. S9 Plot of ε100Mo(2/8) vs. ε95Mo(2/8), normalised to 92Mo/98Mo, for iron meteorites. Shown are group 
means with 2se uncertainties. Theoretical p-excess, r-excess and s-deficit mixing lines (solid orange, purple 
and green lines, respectively), calculated using the nucleosynthetic s-process production model of Arlandini et 
al. (1999), are also shown. For comparison, s-deficit mixing lines using the models of Bisterzo et al. (2011) 
(dashed green line) and Bisterzo et al. (2014) (dotted-dashed green line) are also shown. The r=p suite of 
groups IC, IIAB, IIE, IIIAB, IIIE and IVA plots around the s-deficit mixing lines, while the r>p suite with 
groups IIC, IIIF and IVB plots in the field between the r-excess and s-deficit lines.  

S4.3 Normalised to 97Mo/ 95Mo 

Results for normalisation to 97Mo/95Mo = 0.602083 are shown in Fig. S10. Just as in the 
previous normalisations, the IICs display the largest anomalies (ε100Mo(7/5) = +1.33 ± 0.14) and 
the IVAs the smallest (ε100Mo(7/5) = +0.34 ± 0.04) of the magmatic irons. The isotope patterns 
most closely resemble the s-process deficit model (Fig. S3e).  

 
Fig. S10 Molybdenum isotope data for iron meteorites, normalised to 97Mo/95Mo, measured relative to NIST 
SRM 3134.  Shown are group means with 2se uncertainties. Grey-shaded area represents reproducibility (2σ) 
of the bracketing SRM runs, which represent the terrestrial Mo isotope composition. 
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As demonstrated in Fig. S11, the more precise data of this study much more clearly 
resolves the two distinct iron meteorite suites than was possible in previous investigations 
(Budde et al., 2016; Burkhardt et al., 2011). 

 
Fig. S11 Plot of ε100Mo(7/5) vs. ε92Mo(7/5), normalised to 97Mo/95Mo, with data from this study plotted together 
with the iron meteorite results of Burkhardt et al. (2011). Theoretical p-excess, r-excess and s-deficit mixing 
lines (solid orange, purple and green lines, respectively), calculated using the nucleosynthetic s-process 
production model of Arlandini et al. (1999), are also shown. Notably, the Burkhardt et al. (2011) data for the 
IC, IIAB, IIE, IIIAB, IIIE and IVA groups plot around the s-deficit mixing line, whilst their IIIF and IVB irons 
coincide with our r>p suite.  

S5 Comparison to literature 

 
Fig. S12 Plot of ε100Ru vs. ε92Mo(8/6), showing the correlation of Mo and Ru nucleosynthetic isotope 
anomalies for iron meteorites. The Mo data are from this study, normalised to 98Mo/96Mo = 1.453174; the Ru 
data are from Fischer-Gödde et al. (2015), normalised to 99Ru/101Ru = 0.7450754. All uncertainties are 2se of 
the group means. Regression of the data yields a slope of −0.51 ± 0.15 (black line), symptomatic for a 
correlation of s-process Mo and Ru isotopes, as calculated by Dauphas et al. (2004) (dashed line, slope = 
−0.44). 
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It is well documented that the neighbouring elements Mo and Ru have correlated s-
process deficits (e.g., Bermingham et al., 2015; Dauphas et al., 2004). Using the Ru data of 
Chen et al. (2010) and the Mo data from this study, a linear regression of ε100Ru vs. ε92Mo(8/6) 
yields a slope of −0.44 ± 0.06 (Fig. 2 in Main Article). Notably, use of the more recent Ru data 
of Fischer-Gödde et al. (2015) yields a less precise slope of −0.51 ± 0.15 (Fig. S12). Both 
results, however, are in agreement with the predicted slope of −0.44, as calculated from the s-
process abundances of Mo and Ru for SiC grains (Dauphas et al., 2004). 

S6 Alternative causes of isotope heterogeneity in the solar nebula 

We have explored alternative causes of mass independent Mo isotope variability in 
meteorites that have previously been proposed in literature. These include the effects of (i) 
exposure to galactic cosmic rays, and (ii) nuclear field shifts. Based on our detailed assessment 
and modelling, as outlined in the following, we are confident that neither mechanism plays a 
significant role in the production of the Mo isotope anomalies we have observed, which hence 
must be predominantly, if not entirely, nucleosynthetic in origin. 

S6.1 Exposure to galactic cosmic rays 

A recently presented study argues the Mo isotope compositions of at least some iron 
meteorites were modified by exposure to galactic cosmic rays (GCR). This conclusion is based 
on the observation that meteorites from the same group display variations in ε95Mo(8/6) 
(Worsham et al., 2015). In detail, Worsham et al. (2015) report a deviation of 30 ppm for the 
95Mo/96Mo ratio of Tlacotopec compared to other IVB irons they analysed. Notably, 95Mo has 
the largest neutron capture cross section and resonance integral of all Mo isotopes, and hence 
the highest susceptibility to modification by GCR, most likely by the reaction 95Mo(n,γ)96Mo.  

For the IVBs measured in this study, Cape of Good Hope and Santa Clara display 
ε95Mo(8/6) = +0.98 ± 0.06 and +0.97 ± 0.06, respectively, whereas Tlacotopec 1 and Tlacotopec 
2 have lower ε95Mo(8/6) values of +0.84 ± 0.07 and +0.65 ± 0.06, respectively. The offset of 
Tlacotopec 2 would seem to agree with the 30 ppm offset in 95Mo/96Mo reported by Worsham 
et al. (2015) for the same meteorite. Previous studies have shown that Tlacotopec is strongly 
irradiated, with a long history of cosmic ray exposure (e.g., Wittig et al., 2013). The specimens 
Tlacotopec 1 and Tlacotopec 2 analysed here are adjacent cut pieces from the same fragment of 
the meteorite. Therefore, the difference in ε95Mo(8/6) between Tlacotopec 1 and 2, may indicate 
that isotopic effects from GCR can change on the scale of several centimeters.  

Most other meteorites examined here exhibit ε95Mo(8/6) values that are identical (within 
uncertainties) to the rest of the meteorites from the same group, with none showing an offset of 
greater than about 20ppm. If GCR exposure were to have a significant systematic effect, one 
would not expect the Mo isotope compositions to show such pronounced within-group 
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homogeneity. Instead, we find the analytical uncertainty for a single meteorite is often similar 
or only slightly larger than the uncertainty determined for a whole group. Therefore, it appears 
that exposure to GCR had no or only an insignificant effect on Mo isotope compositions, such 
that the observed variability is dominated by nucleosynthetic anomalies. 

S6.2 Nuclear volume field shift 

Alternatively, it has been proposed that the mass-independent Mo isotope effects 
observed in meteorites may arise from nuclear volume field shift effects (Fujii et al., 2006b). A 
nucleus undergoing neutron addition will experience changes in nuclear volume and 
electrostatic charge distribution, resulting in changes to the atomic energy transitions of the 
inner s and p shell electrons (Bigeleisen, 1996). Fujii et al. (2006a) predict such variations in 
nuclear volumes can induce isotopic fractionation in reactions that involve changes in bonding 
environments. These authors formulated a method to calculate the nuclear field shift effect on 
an isotope ratio (i/x), internally normalised to a second isotope ratio of (y/x), in terms of ε-units 
(Equation S1). 

 
ε! = δ 𝑟! !!,!! −

𝑚! 𝑚! −𝑚!

𝑚! 𝑚! −𝑚!
 δ 𝑟! !!,!! × α Equation S1 

where mi is the atomic mass of nuclide i; δ⟨r2⟩mx,mi is the change in the mean square radius of two 
nuclei x and i; and α is an adjustable parameter used to scale modelled field shifts to fit data 

 

In the following, the nuclear volume field shifts for Mo isotopes are determined for 
internal normalisation to 98Mo/96Mo (Table S11), using Equation S1 and employing the nuclear 
masses of Wang et al. (2012) and the mean square nuclear radii from Angeli (2004).  

In Table S11, column 2, the field shift, or specifically FS x α (where α is a scalable 
parameter), is given, to show how these affect the different Mo isotope ratios. The model 
predicts that the anomalies for ε94Mo(8/6) are lower than for both ε95Mo(8/6) and ε97Mo(8/6). This 
prediction stands in contrast to our Mo isotope data, where all meteorites (except the 
IAB/IIICD complex) display anomalies in ε94Mo(8/6) that are greater than for ε95Mo(8/6) and 
ε97Mo(8/6). Furthermore, the model predicts a negative ε100Mo(8/6) anomaly, whereas all 
meteorites exhibit positive ε100Mo(8/6) anomalies (excluding the IAB/IIICD complex).  

In column 3 of Table S11, the effect of α on the results is removed, by calculating the 
ratio of one field shift (εiMo(8/6)) over another (ε95Mo(8/6)). For comparison, the same ratios are 
calculated for the IIAB and IIC group means. Once again, the predicted nuclear field shifts fail 
to match the meteorite data of this study. In detail, the ratios ε92Mo(8/6)/ε95Mo(8/6), 
ε94Mo(8/6)/ε95Mo(8/6) and ε97Mo(8/6)/ε95Mo(8/6) are lower and higher than the meteorite data, 
respectively. Additionally, the predicted ε100Mo(8/6)/ε95Mo(8/6) ratio is negative, while for the 
IIAB and IIC groups it is positive.  
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Table S11  
Nuclear field shifts (FS) for Mo isotopes, normalised to 98Mo/96Mo. 

  εiMo/ε95Mo 
εiMo 
(1) 

FS × α 
(2) 

FS Model 
(3) 

IIAB Data 
(4) 

IIC Data 
(5) 

     ε92Mo +0.134 +1.59 +2.84 +1.94 
ε94Mo +0.056 +0.66 +2.33 +1.49 
ε95Mo +0.084 - - - 
ε97Mo +0.078 +0.93 +0.51 +0.51 
ε100Mo −0.119 −1.42 +0.75 +0.62 

     Masses of nuclides from Wang et al. (2012), mean square nuclear radii from Angeli (2004) 

To further assess whether the observed mass-independent Mo isotope anomalies could 
arise from nuclear volume field shifts, the parameter α was optimised to best fit the mean IIAB 
and IIC data from our analyses (Table S12). This yielded optimised parameters of α = 9.5 and 
α = 22.0 for the IIABs and IICs, respectively, that were applied to calculate the predicted fields 
shifts (columns 2 and 5). The predicted nuclear field shifts were then subtracted from the 
measured isotope anomalies (columns 3 and 6), to determine the residuals (columns 4 and 7). 
Most of the residuals differ significantly from the value of εiMo = 0 that would be expected, if 
nuclear volume field shifts were entirely responsible for the observed mass-independent Mo 
isotope anomalies.  

Table S12  
Nuclear field shifts (FS) calculated for Mo isotopes to best fit the IIAB and IIC data. 

       IIAB     IIC 
 εiMo(8/6) 

a 

 (1) 
 FS b 

(2) 
Measured 

 (3) 
Residual 

 (4)    FS c 

(5) 
Measured 

 (6) 
Residual 

 (7) 
        ε92Mo  +1.27 +1.45 ± 0.10 +0.18 ± 0.10  +2.94 +3.12 ± 0.27 +0.18 ± 0.27 

ε94Mo  +0.53 +1.19 ± 0.06 +0.66 ± 0.06  +1.23 +2.40 ± 0.16 +1.17 ± 0.16 
ε95Mo  +0.80 +0.51 ± 0.04 −0.29 ± 0.04  +1.85 +1.61 ± 0.09 −0.24 ± 0.09 
ε97Mo  +0.74 +0.26 ± 0.02 −0.48 ± 0.02  +1.72 +0.82 ± 0.05 −0.90 ± 0.05 
ε100Mo  −1.13 +0.38 ± 0.08 +1.51 ± 0.08  −2.61 +1.00 ± 0.17 +3.61 ± 0.17 

        a Normalised to 98Mo/96Mo; b α optimised to 9.5; c α optimised to 22.0 

The data of Table S12 are also plotted in Fig. S13. For the IIAB group, only the 
ε92Mo(8/6) anomaly is fully explained by the nuclear field shift whilst there are positive 
residuals for ε94Mo(8/6) and ε100Mo(8/6), and negative residuals for ε95Mo(8/6) and ε97Mo(8/6). For 
the IICs, the observed ε92Mo(8/6) and ε95Mo(8/6) anomalies can be fully explained by nuclear 
field shift effects but there are significant residuals for ε94Mo(8/6), ε100Mo(8/6) and ε97Mo(8/6).  

The same modelling was also applied to the meteorite data obtained by internal 
normalisation to 97Mo/95Mo (Fig. S14). In this case, the overall fit between model and data is 
possibly somewhat better but significant residuals are still clearly apparent for ε94Mo(7/5) and 
particularly ε100Mo(7/5) for both IIABs and IICs, as well as in ε92Mo(7/5) for the IICs. 
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These results clearly indicate that nuclear field shifts cannot be solely responsible for 
the observed Mo isotope anomalies of iron meteorites. Similar conclusions were previously 
inferred for Ba, Nd, Sm and Zr isotopes in various studies (Akram et al., 2013; Brennecka et 
al., 2011). In contrast, Fujii et al. (2006b) originally argued that all mass-independent Mo 
anomalies determined for Allende (with the exception of ε100Mo(8/6)) could be explained by 
nuclear field shift effects. Whilst this conclusion may have been valid at the time, given the 
relatively large uncertainties of the first published Mo isotope data (Dauphas et al., 2002; Yin 
et al., 2002), such a statement is no longer feasible, given our new, much more precise Mo 
isotope dataset for iron meteorites. In the context of these new results and the modeling 
presented here, nuclear field shifts are clearly unable to account for the observed Mo isotope 
anomalies alone and hence may well play no significant role in their generation. 

 
Fig. S13 Comparison of observed Mo isotope anomalies with those predicted by nuclear field shift theory, 
using normalisation to 98Mo/96Mo. Panels on the left show the measured data for IIAB and IIC irons (blue 
lines; group means ± 2se), and the predicted isotope variations resulting from the nuclear field shifts (dashed 
green line), calculated using Equation S1. The parameter α was optimised to 9.5 for the IIAB group, and 22.0 
for the IICs. Panels on the right show the residual isotope anomalies (purple lines) after correction of the 
nuclear field shift – the existence of such anomalies shows that nuclear field shifts are not responsible for the 
observed Mo isotope anomalies in iron meteorites. 
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Fig. S14 Comparison of observed Mo isotope anomalies with those predicted by nuclear field shift theory, 
using normalisation to 97Mo/95Mo. Panels on the left show the measured data for IIAB and IIC irons (blue 
lines; group means ± 2se), and the predicted isotope variations resulting from the nuclear field shifts (dashed 
green line), calculated using Equation S1. The parameter α was optimised to 3.7 for the IIAB group, and 10.7 
for the IICs. Panels on the right show the residual isotope anomalies (purple lines) after correction of the 
nuclear field shift, demonstrating that nuclear field shifts are not responsible for the observed Mo isotope 
anomalies in iron meteorites. 
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