
Analytical method 

Major and trace elements. Major element contents were analyzed on fused glass 

disks using a Rigaku ZSX-100e X-ray fluorescence spectrometer and the analytical 

methods reported by Goto and Tatsumi (1996). Three repeated analyses of a basaltic 

reference material (BHVO-2) indicate the analytical precision was better than ±5% and 

the accuracy was better than ±2% for most major elements. Trace elements were 

analyzed with an iCAP-Q (Thermo Fisher) inductively coupled plasma mass 

spectrometer following the methods of Liu et al. (1996). Three repeated analyses of 

BHVO-2 indicate that the analytical precision for all the measured trace elements was 

better than 5%, and most trace element contents are consistent with their reference 

values to within ±5% (Table A1). 

Table A1 Trace element results (ppm) of the reference material BHVO-2. 

BHVO-2-1 BHVO-2-2 BHVO-2-3 
Preferred 

value 1RSD(%) Accuracy 

Sc 31.38 31.78 32.22 33.00 1.3% -3.7%
V 299.6 305.3 309.9 308.0 1.7% -1.0%
Cr 287.0 269.2 284.2 293.0 3.4% -4.4%
Co 44.14 43.20 44.61 44.00 1.6% 0.0%
Ni 114.0 104.4 105.6 116.0 4.9% -6.9%
Sr 407.3 412.5 390.7 396.0 2.8% 1.9%
Y 24.38 25.22 25.23 26.00 1.9% -4.1%
Zr 157.0 156.5 162.1 170.0 2.0% -6.7%
Nb 17.97 16.77 17.83 18.30 3.7% -4.2%
Ba 129.8 132.2 128.7 131.0 1.4% -0.6%
La 15.71 15.36 15.22 15.20 1.6% 1.5%
Ce 36.66 35.68 36.96 37.60 1.8% -3.1%
Pr 4.80 4.82 4.93 5.35 1.4% -9.3%
Nd 24.39 23.42 23.14 24.50 2.8% -3.5%
Sm 5.81 5.72 5.94 6.10 1.8% -4.5%
Eu 2.07 2.07 2.00 2.07 2.0% -1.2%
Gd 5.51 5.74 5.53 6.16 2.2% -9.2%
Tb 0.91 0.86 0.89 0.92 2.8% -3.4%
Dy 5.28 4.90 4.88 5.28 4.5% -4.9%

American Mineralogist: March 2024 Online Materials AM-24-39154 
ZHANG ET AL.: MO ISOTOPES IN THE PANZHIHUA MAFIC LAYERED INTRUSION



Ho 0.93 0.97 0.99 0.98 3.0% -1.4%
Er 2.33 2.53 2.39 2.56 4.3% -5.6%
Tm 0.32 0.30 0.30 0.34 4.8% -9.5%
Yb 1.86 1.89 1.90 2.01 1.0% -6.3%
Lu 0.26 0.28 0.27 0.28 2.3% -3.6%
Hf 4.08 4.11 4.22 4.32 1.8% -4.2%
Ta 1.05 1.14 1.06 1.15 4.5% -5.7%
Th 1.15 1.16 1.19 1.22 1.7% -4.5%
U 0.40 0.40 0.39 0.40 0.7% -1.5%

Molybdenum isotopes. The selected rocks and mineral separates were crushed in 

an agate mortar to ~200 mesh. Accurately weighed sample powders, which contain 

about 50–100 ng Mo, and appropriate amounts of a 97Mo–100Mo double-spike (DS) 

solution were added to 50 mL PFA beakers. The contributions of sample and DS for 

Mo in the mixture was adjusted to around 1:1 (Zhang et al., 2018). The sample–spike 

mixtures were then digested in 12 ml of a 1:2 (by volume) mixture of concentrated 

HNO3 (14 mol/L) and HF (22 mol/L) at 150˚C for 5 d. After digestion and drying at 

120 ˚C, the samples were dissolved in 4 ml of concentrated HCl (12 mol/L), and then 

evaporated to dryness. The residue was re-dissolved in 6 ml of a mixture of HF (0.1 

mol/L) and HCl (1 mol/L), at which point it was ready for column separation. The Mo 

purification was conducted with the BPHA resin (Li et al., 2014; Fan et al., 2020). The 

Mo solutions in 2% (v/v) HNO3 were diluted to 150–200 ppb. Molybdenum isotopic 

measurements were conducted with a Neptune Plus (Thermo Fisher) multiple-collector 

inductively coupled plasma mass spectrometer. A quartz cyclonic spray chamber with 

a 50 μL/min PFA nebulizer were used for sample solution introduction. A high-

performance jet sample cone and an X skimmer cone were used at the interface. At such 

conditions, the signal intensity of 95Mo is about 7-10 V for a one-ppm Mo solution and 
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all samples measured in this study have 95Mo signal > 0.5 volt. Each sample solution

was measured for 40 cycles with an integration time of 4.194 s. After each sample 

analysis, the sample introduction system was subsequently washed with 2% HNO3, 

mixture of 2% HNO3 + 0.1% HF, and 2% HNO3. Usually, the 100Mo signal decreased 

to < 1 mv after 3–5-minute wash. 99Ru was monitored for isobaric interference 

correction of 96Ru, 98Ru and 100Ru on Mo isotopes. However, all sample solutions 

measured in this study show extremely low Ru signal (99Ru < 0.1 mV), which have 

negligible influence on Mo isotopes and thus no further correction of the interference 

of Ru was conducted during our experiment. The double spike data reduction was 

undertaken with an in-house Microsoft Virtual Basic program based on the 

mathematical algorithm of Zhang et al. (2015). Molybdenum isotopic compositions are 

reported as δ98/95Mo values relative to the pure Mo reference material NIST SRM 3134. 

The procedural blank during our study was 0.15 ± 0.08 ng (2SD; n = 3) of Mo, which 

is much lower than the total Mo in the analyzed samples (>100 ng). The external 

reproducibility of the NIST SRM 3134 standard solution was 0.06‰ (2SD; n = 18). 

Two rock reference materials (W-2a and BIR-1a) were analyzed along with our samples, 

which yielded δ98/95Mo = –0.12‰ ± 0.04‰ (2SE) and –0.20‰ ± 0.06‰ (2SE), 

respectively, which agree well with reported values for these standards (Fan et al., 2020; 

Zhao et al., 2016). The long-term reproducibility of the Mo isotopic measurements, 

based on two-year analyses of NIST SRM 3134 reference solutions and seawater 

samples, was ≤ 0.07‰ (two standard deviations, 2s, n = 167) for δ98/95Mo. The Mo 

isotope analytical uncertainties of all samples measured in this study are reported in 
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2SE. 

Supporting figures 

Figure S1 Plots of (a) TiO2, (b) Al2O3, (c) Fe2O3(t), and (d) CaO versus MgO. The 

mineral compositions are the average values for each mineral from previous studies. 

Mineral data sources: Cpx = Hou et al. (2012b) and Pang et al. (2009); Pl = Zhang et 

al. (2011); Mt = Liu et al. (2015); Ilm = Zheng et al. (2014). Mineral abbreviations: Cpx 

= clinopyroxene; Pl = plagioclase; Mt = magnetite; Ilm = ilmenite. 
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Figure S2 Plots of δ98/95Mo versus (a) Fe2O3(t), (b) Fe2O3(t)/TiO2 and (c) Mo content. 

The lines between the minerals are the mass balance modeling trends. The blue stars 

represent a modeling end-member consisting of plagioclase and clinopyroxene with a 

ratio of 1:2. The mixing step is set to 10% between silicate end-member and Fe-Ti 

oxides. The error bars are in 2SE. The mass balance modeling parameters are listed in 

Table S3. 
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