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Abstract

Magnetite is common in various magmatic and hydrothermal ore deposit types, and its trace ele-
ment geochemistry has become increasingly used in ore genesis studies and mineral exploration. While 
fractional crystallization has been shown to influence the chemistry of igneous magnetite, the extent to 
which this process regulates the trace element composition of hydrothermal magnetite remains poorly 
understood. In this study, we analyzed trace elements in hydrothermal magnetite from the Baijian 
Fe-(Co) skarn deposit in eastern China and used Rayleigh and equilibrium fractionation modeling to 
demonstrate the importance of magnetite precipitation in controlling fluid and magnetite chemistry 
during Fe skarn mineralization.

The Baijian Fe-(Co) skarn deposit has three stages of magnetite. From early Mag-1 to later Mag-2 and 
Mag-3, the concentrations of compatible elements (Ni and V) decrease, whereas those of incompatible 
elements (Zn, Mn, and Co) increase. There are obvious trends of increasing incompatible/compatible 
element ratios (e.g., Co/Ni, Zn/V, and Zn/Ni) and decreasing compatible/incompatible element ratios 
(e.g., V/Mn, Ni/Mn, and V/Co) from Mag-1 to Mag-3, with strong correlations between each of these 
ratios. Such systematic trace element variations in successive stages of magnetite can be best explained 
by increasing degrees of fractional crystallization with time. The wide range of incompatible/compat-
ible element ratios (spanning 2–4 orders of magnitude) in Mag-2 and Mag-3 suggests that magnetite 
crystallization follows a process akin to Rayleigh fractionation.

Results from this study highlight the significant role that magnetite crystallization during skarn 
formation has on the trace element chemistry of this mineral. Moreover, as the crystallization of 
magnetite progresses, the Co/Fe ratio of residual hydrothermal fluids is elevated, which favors the 
precipitation of Co in late-stage sulfides. This process helps to explain why some Fe skarn deposits, as 
well as magnetite-rich iron oxide-apatite and iron oxide-copper-gold deposits, are potentially important 
economic sources for Co, currently necessary as one component in Li-ion batteries.
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Introduction

Magnetite is a common accessory mineral in a wide range of 
rocks and is a major mineral phase in various hydrothermal ore 
deposit types, such as Fe skarns, Kiruna-type iron oxide-apatite 
(IOA) deposits, and iron oxide-copper-gold (IOCG) deposits 
(Nadoll et al. 2014; Dare et al. 2014; Hu et al. 2014; Huang et 
al. 2019; Reich et al. 2022; Zhang et al. 2023). Magnetite has an 
inverse spinel structure and can accommodate a range of trace 
elements into its structure. It is resistant to mechanical breakdown 
and low-temperature weathering/alteration, thus making it a pow-
erful tool in igneous petrology and provenance studies (Grigsby 

1990; Lindsley 1991; Dare et al. 2014; Canil and Lacourse 2020; 
Tao et al. 2022). Recent studies have demonstrated the utility of 
magnetite trace element geochemistry as an important indica-
tor for ore genesis studies and mineral exploration (Dupuis and 
Beaudoin 2011; Nadoll et al. 2012; Dare et al. 2015; Knipping 
et al. 2015; Duparc et al. 2016; Canil et al. 2016; Pisiak et al. 
2017; Ward et al. 2018; Huang and Beaudoin 2019; Song et al. 
2021; Zeng et al. 2022; Zhang et al. 2020).

The melt/fluid composition has been considered as the pri-
mary control on magnetite chemistry. In igneous systems the 
melt composition can be significantly modified by the process of 
fractional crystallization (Gast 1968). This process allows the re-
sidual melt, and thus magnetite crystallizing from it, to be depleted 
in compatible elements and enriched in incompatible elements. 
For example, Dare et al. (2014) found that compatible elements 
(Mg, Ni, Co, V, and Cr) in magnetite gradually decrease while 
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