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Figure S1. Comparison of theoretical errors in the natural fractionation factor (α) 

plotted against the proportion (p) of DS in a DS-sample mixture. The two curves 

denote the results of optimal 180W-184W and 180W-183W double spikes (both using 
180W-183W-184W-186W inversion), respectively, both from Oak Ridge National 

Laboratory (ORNL).  The ORNL single-spike compositions (180W, 182W, 183W, 
184W, 185W) are 180W = (11.35%, 42.80%, 14.80%, 19.80%, 11.27%), 183W = 

(<0.03%, 5.51%, 79.03%, 13.46%, 2.00%), and 184W = (<0.05%, 1.79%, 1.64%, 

94.64%, 1.92%). 
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Figure S2. (a) 186W and (b) 98Mo values of DS-NIST mixtures with variable DS 

proportions (p). Error bars represent 2 SD of individual measurements (n = 3). The 

shaded area shows the external reproducibility of ±0.03 (2 SD, n = 51) obtained for NIST 

3163 solution (W) and ±0.04 (2 SD, n = 31) for NIST 3134 solution (Mo). 
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(A) Andesite (AGV-2) (B) Artificially mixed solution

Figure S3. Elution profiles using anion exchange resin (AG1-X8) for the solutions of (A) AGV-2 

(300 mg) with added interfering elements (1 g each of Ru and Ta) and (B) artificially mixed 

solution of single elements (1 g each of W, Mo, Ti, Mn, Fe, Zr, Nb, Ru, Hf, Ta): (a) the first-

column and (b) the second-column procedures.  The elution of Ru is not shown because it was 

removed during digestion and evaporation procedures. 
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Figure S4.  (a) 186W and (b) 98Mo versus MgO for the geochemical reference 

materials of igneous rock series analyzed in this study.  Error bars are the 2 SD 

obtained from replicate measurements of samples.  MgO contents were obtained 

from online databases of the providers (USGS, GSJ, and CANMET-CCRMP). 

98/95Mo are normalized relative to NIST 3134 (= 0‰) + 0.25‰.    



 
 

Residual fraction
b X/W X/Mo

Ti 3.00 ± 2.58 3.3E-05 6.5E-03 8.3E-04

Mn 1.05 ± 1.25 4.0E-07 2.7E-03 3.5E-04

Fe 336 ± 703 3.3E-04 8.6E-01 1.1E-01

Zr 0.10 ± 0.10 3.0E-05 3.3E-04 4.3E-05

Nb 0.03 ± 0.19 9.0E-05 8.7E-05 1.1E-05

Ru 0.02 ± 1.35 9.8E-03 4.0E-05 5.2E-06

Hf 0.003 ± 0.030 4.5E-05 8.6E-06 1.1E-06

Ta 0.050 ± 0.049 6.7E-03 1.3E-04 1.7E-05

Average ± 2SD
a
 (ng)

 
 
 
 
 
 
 

Residual fractionb X/W Residual fractionb X/Mo

Ti 0.230 ± 0.086 3.0E-06 6.4E-04 0.352 ± 0.035 4.6E-06 1.3E-04

Mn – <5.4E-4 – <7.2E-5

Fe 0.261 ± 1.069 2.5E-07 7.4E-04 3.292 ± 2.079 3.1E-06 1.2E-03

Zr 0.002 ± 0.003 4.0E-07 4.8E-06 0.003 ± 0.009 7.1E-07 1.1E-06

Nb 0.002 ± 0.001 6.3E-06 6.6E-06 0.011 ± 0.004 2.9E-05 3.9E-06

Ru 0.005 ± 0.341 2.7E-03 1.3E-05 0.010 ± 0.692 6.0E-03 3.7E-06

Hf – <1.5E-6 – <2.0E-7

Ta – <5.0E-6 – <6.7E-7

Purified solution of W

Not Detected Not Detected

Not Detected Not Detected

Not Detected Not Detected

Purified solution of Mo

Average ± 2SDa (ng) Average ± 2SDa (ng)

 
 
 
 
 
 
 
 
  

Table S1.  Matrix elements in the JMn-1 solution (10 mg) obtained via the first column 

Table S2. Matrix elements in the purified W and Mo solutions of the JMn-1 (10 mg) after the second 

column 

a 2SD was given by performing the separation procedures in triplicate.  

b Proportions were calculated using the recommended or preferable data for JMn-1 reported in Imai 

et al. (1999). 
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