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Abstract
Magmatic oxygen fugacity (fO2) is a fundamental property to understanding the long-term evolution 

of the Earth’s atmosphere and the formation of magmatic-hydrothermal mineral deposits. Classically, 
the magmatic fO2 is estimated using mineral chemistry, such as Fe-Ti oxides, zircon, and hornblende. 
These methods, however, are only valid within certain limits and/or require a significant amount of 
a priori knowledge. In this contribution, a new oxybarometer, constructed by data-driven machine 
learning algorithms using trace elements in zircon and their corresponding independent fO2 constraints, 
is provided. Seven different algorithms are initially trained and then validated on a data set that was 
never utilized in the training processes. Results suggest that the oxybarometer constructed by the 
extremely randomized trees model has the best performance, with the largest R2 value (0.91 ± 0.01), 
smallest RMSE (0.45 ± 0.03), and low propagated analytical error (~0.10 log units). Feature importance 
analysis demonstrates that U, Ti, Th, Ce, and Eu in zircon are the key trace elements that preserve fO2 
information. This newly developed oxybarometer has been applied in diverse systems, including arc 
magmas and mid-ocean ridge basalts, fertile and barren porphyry systems, and global S-type detrital 
zircon, which provide fO2 constraints that are consistent with other independent methods, suggesting 
that it has wide applicability. To improve accessibility, the oxybarometer was developed into a software 
application aimed at enabling more consistent and reliable fO2 determinations in magmatic systems, 
promoting further research.
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Introduction
Oxygen fugacity (fO2) is a fundamental thermodynamic 

property governing the speciation and behavior of multivalent 
elements (e.g., S, Ce, Eu, Fe, and V) during magma evolution, 
which in turn controls their solubility, mobility, and compat-
ibility in silicate magmas (Brounce et al. 2014; Ni et al. 2020). 
Estimates of fO2 have been used to help address a range of 
important questions, including the compositional evolution of 
the atmosphere (Trail et al. 2011b; Lee and Bachmann 2014) 
and the mineralization potential of igneous rocks (Jugo et al. 
2010; Sillitoe 2010; Richards 2015). Traditionally, the oxida-
tion state of rocks is constrained using the bulk-rock Fe2+/Fe3+ 
ratio (Kress and Carmichael 1991; Brounce et al. 2014; Zhang 
et al. 2018), the Fe-Ti oxide oxybarometer (Ghiorso and Evans 
2008), and the hornblende oxybarometer (Ridolfi and Renzulli 
2012; Ridolfi 2021). Previous studies, however, have pointed 
out that these oxybarometers are only applicable in a limited 

range of conditions. For example, the bulk Fe2+/Fe3+ ratio of 
a glass is easily reset by subsequent metamorphism or altera-
tion (Trail et al. 2011b), the Fe-Ti oxide oxybarometer is only 
applicable to rapidly quenched volcanic rocks (Loucks et al. 
2018), and the hornblende oxybarometer is only suitable for 
rocks emplaced deep in the crust because hornblende is unstable 
in the shallow crust (Rutherford and Hill 1993). Therefore, a 
more broadly applicable and robust oxybarometer is needed to 
unravel the complex interplay between fO2, magmatic evolution, 
and metallogenesis through geological time.

Zircon is a ubiquitous accessory mineral in crustal rocks 
and is geochemically robust, even in rocks that were hydro-
thermally altered, metamorphosed, and weathered (Cherniak 
and Watson 2003; Trail et al. 2011a). Zircon contains various 
trace elements, most of which include REEs, Ti, Y, U, Th, and 
Hf. These elements mainly enter into the zircon crystal lattice 
via isomorphic and coupled substitution mechanisms (Hoskin 
and Schaltegger 2003). The former includes U4+ ↔ Zr4+, Ti4+ 
↔ Zr4+, Hf4+ ↔ Zr4+, and Ce4+ ↔ Zr4+, and the latter includes 
(REEs+Y)3+ + Na+/K+/H+ ↔ Zr4+ and P5+/Nb5+ + (REEs+Y)3+ 
↔ 2Zr4+. Substitution of these elements into zircon is related 
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