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Abstract
The large Mo isotopic fractionations between different geological reservoirs make this isotopic 

system a potentially useful tool for constraining the origins of magmatism. However, the effect of 
magmatic differentiation on Mo isotopes is still controversial. In this study, we obtained Mo isotope data 
for the Panzhihua gabbroic intrusion (i.e., including mineral separates of clinopyroxene, plagioclase, 
magnetite, and ilmenite). The whole-rock samples and mineral separates exhibit large Mo isotopic 
fractionations with δ98/95Mo values as follows: magnetite (–0.73‰ to –0.32‰) < clinopyroxene (–0.32‰ 
to –0.10‰) < ilmenite (0.06‰ to 0.36‰) < plagioclase (0.33‰ to 0.83‰). Iron-Ti oxides have Mo 
contents that are one order of magnitude higher than those of clinopyroxene and plagioclase. Mass 
balance calculations based on Mo isotopes and contents are consistent with an accumulated origin 
for the Panzhihua intrusion. Rayleigh fractionation modeling shows that the removal of magnetite 
and ilmenite results in significant Mo isotopic fractionation in the residual magma. Due to the low 
Mo contents of clinopyroxene and plagioclase, Mo isotopes are not significantly fractionated by the 
removal of these minerals. Therefore, our study highlights that fractionation of Fe-Ti oxides can cause 
considerable Mo isotopic fractionation; consequently, caution is needed when using Mo isotopes to 
infer magma origins.
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Introduction
Molybdenum is a refractory and moderately siderophile ele-

ment that displays large mass-dependent isotopic variations in 
natural samples. δ98/95Mo (relative to NIST SRM 3134) of the bulk 
silicate Earth and continental crust are –0.20‰ and 0.00–0.40‰, 
respectively (Burkhardt et al. 2014; Greber et al. 2014, 2015; 
McCoy-West et al. 2019; Voegelin et al. 2014). Black shale and 
marine carbonates have relatively heavy Mo isotopes (–1‰ to 
+2‰; Dahl et al. 2010; Luo et al. 2021; Romaniello et al. 2016; 
Voegelin et al. 2009; Yin et al. 2018). Mid-ocean ridge basalt-type 
eclogites are representative of a subducted slab and have relatively 
light Mo isotopes (–1.0‰ to –0.13‰; Chen et al. 2019; Ahmad et 
al. 2021). Subducted sediments generally have light but variable 
Mo isotopes (–2‰ to 0.16‰; Freymuth et al. 2015; Ahmad et al. 
2021). Although Mo isotopes exhibit large variations between dif-
ferent geological reservoirs, the use of Mo isotopes to trace magma 
sources is still challenging (Yang et al. 2017). In particular, the 
influence of magmatic differentiation on Mo isotopic compositions 
is debated (Bezard et al. 2016; Chen et al. 2022; Gaschnig et al. 
2021; Nebel-Jacobsen et al. 2021; Storck et al. 2023; Voegelin et 
al. 2014; Wille et al. 2018; Yang et al. 2015). Voegelin et al. (2014) 
showed that biotite and hornblende have lighter Mo isotopes than 
coexisting magma and suggested that fractional crystallization of 

both minerals can lead to a heavy Mo isotopic composition of the 
residual melt. However, the absence of systematic Mo isotopic varia-
tions in granitoids and mafic microgranular enclaves indicates that 
fractional crystallization of amphibole and biotite does not fraction-
ate Mo isotopes (Chen et al. 2022). In addition to silicate minerals, 
Fe-Ti oxides (e.g., magnetite and ilmenite) play an important role 
during magmatic differentiation and have much higher Mo contents 
than many silicate minerals (Leitzke et al. 2017; Sievwright et al. 
2020). Studies on the effect of fractional crystallization of Fe-Ti 
oxides on Mo isotopic fractionation are scarce (Nebel-Jacobsen et 
al. 2021). Nebel-Jacobsen et al. (2021) investigated Mo isotopes of 
the Windimurra layered intrusion and found that the Fe-Ti oxides 
have lighter Mo isotopes than noritic samples. However, since this 
work did not make a separation of magnetite and titanite for Mo 
isotope analysis, the relative effect of the crystallization of magnetite 
or titanite on Mo isotope is still unclear.

In this study, we collected a suite of gabbroic rocks and Fe–Ti 
oxide ores from the Panzhihua mafic layered intrusion in the Emeis-
han large igneous province (ELIP). We determined the Mo isotopic 
compositions and contents of whole-rock samples and the major 
rock-forming minerals (clinopyroxene, plagioclase, magnetite, and 
ilmenite) separated from these rocks to investigate Mo isotopic 
fractionation during magmatic differentiation. The large Mo iso-
topic fractionations exhibited by magnetite and ilmenite indicate 
that fractional crystallization of these minerals will significantly 
change the Mo isotopic composition of the residual melt.
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