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Abstract
Oxygen fugacity is an important but difficult parameter to constrain for primitive arc magmas. In 

this study, the partitioning behavior of Fe3+/Fe2+ between amphibole and glass synthesized in piston-
cylinder and cold-seal apparatus experiments is developed as an oxybarometer, applicable to magmas 
ranging from basaltic to dacitic composition. The partitioning of Fe2+ is strongly dependent on melt 
polymerization; the relative compatibility of Fe2+ in amphibole decreases with increasing polymeriza-
tion. The Fe2+/Mg distribution coefficient between amphibole and melt is a relatively constant value 
across all compositions and is, on average, 0.27. The amphibole oxybarometer is applied to amphi-
bole in mafic enclaves, cumulates, and basaltic tephra erupted from Shiveluch volcano in Kamchatka 
with measured Fe3+/FeTotal. An average Fe3+/Fe2+ amphibole-glass distribution coefficient for basalt is 
used to convert the Fe3+/FeTotal of amphibole in samples from Shiveluch to magmatic oxygen fugacity 
relative to NNO. The fO2 of primitive melts at the volcano is approximately NNO+2 and is faithfully 
recorded in amphibole from an amphibole-rich cumulate and the basaltic tephra. Apparently, higher 
fO2 recorded by amphibole in mafic enclaves likely results from partial dehydrogenation of amphi-
bole during residence in a shallow andesite storage region. We identify three pulses of mafic magma 
recharge within two weeks of, a month before, and two to three months before the eruption and find 
that, at each of these times, the host andesite was recharged by at least two magmas at varying stages 
of differentiation. Application of the amphibole oxybarometer not only gives insight into magmatic 
fO2 but also potentially details of shallow magmatic processes.
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Introduction
Oxygen fugacity is a key intrinsic parameter for magma gen-

esis. Magmatic oxygen fugacity effects mineral stability, which, 
in turn, influences magmatic differentiation (e.g., Osborn 1959; 
Hamilton et al. 1964) and the formation of porphyry deposits 
worldwide (e.g., Mungall 2002; Core et al. 2006; Richards 2011; 
Lee et al. 2012; Sun et al. 2013). The oxygen fugacity of primitive 
magmas is also of interest because it is thought to be reflective of 
the oxygen fugacity of mantle sources (e.g., Ballhaus et al. 1990; 
Carmichael 1991; Cottrell and Kelley 2013; Grocke et al. 2016) 
or pressure, temperature, and degree of melting (e.g., Rowe et al. 
2009; Gaetani 2016).

Oxygen fugacity is particularly difficult to estimate for primi-
tive arc magmas. The oxygen fugacity of a melt is most commonly 
estimated using two-oxide oxybarometry (Buddington and Lind-
sley 1964), but two-oxide pairs are rare or absent in some natural 
samples and subject to re-equilibration during cooling (e.g., Hou 
et al. 2020). Researchers have tried to probe the oxygen fugacity 
of primitive melts by analyzing olivine-hosted melt inclusions 
using X-ray absorption near edge structure (XANES; e.g., Kelley 

and Cottrell 2009; Brounce et al. 2014) and by analyzing their S-
speciation (e.g., Rowe et al. 2009). However, because of rapid H 
diffusion through olivine, the oxygen fugacity determined from a 
melt inclusion may not reflect the pre-entrapment oxygen fugac-
ity of a primitive melt (Bucholz et al. 2013). Crustal processing 
such as crustal assimilation and syn-eruptive oxidation may fur-
ther convolute the oxygen fugacity of primitive melts and make 
measurements of oxygen fugacity from any of the above methods 
difficult to interpret as a signature of primitive melt oxygen fugac-
ity (e.g., Mathez 1984; Ague and Brimhall 1988; Lee et al. 2005).

Amphibole is a desirable target for the development of an 
alternative oxybarometer in arc systems. It is a hydrous mineral 
commonly found as a phenocryst in andesite, dacite, and rhyolite 
melts and less commonly in hydrous basalts (e.g., Martin 2007; 
references therein). It is also a common mineral in cumulates 
found at arc settings and in suprasubduction zone ophiolites (e.g., 
Arculus and Wills 1980; Beard 1986; Parlak et al. 2000; Greene 
et al. 2006; Coltorti et al. 2007; Jagoutz et al. 2011). Importantly 
for its development as a single-mineral oxybarometer, Fe3+ and 
Fe2+ are both compatible in amphibole’s octahedral sites (i.e., D 
≥ 1 for at least one octahedral site; e.g., Dalpé and Baker 2000). 
A previous experimental study (King et al. 2000) found that Fe3+ 
partitioning into amphibole has a strong dependence on melt 
oxygen fugacity and kept pressure, temperature, and composi-
tion constant. In this contribution, we calibrate the Fe3+/Fe2+ of 
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