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abstract

Small amounts of H2O, on the order of tens to hundreds of parts per million, can significantly influ-
ence the physical properties of mantle rocks. Determining the H2O contents of nominally anhydrous 
minerals (NAMs) is one relatively common technique that has been applied to estimate mantle H2O 
contents. However, for many mantle NAMs, the relation between H2O activity and H2O content is not 
well known. Furthermore, certain mantle minerals may be prone to H2O loss during emplacement on 
Earth’s surface. The goal of this study is to apply mineral equilibria to estimate values of aH2O in rocks 
that originated below the Moho.

The chemical compositions of olivine + orthopyroxene + clinopyroxene + amphibole + spinel ± 
garnet were used to estimate values of temperature (T), pressure (P), aH2O, hydrogen fugacity (fH2), and 
oxygen fugacity (fO2) in 11 amphibole-bearing mantle xenoliths from the southwestern U.S.A. Applica-
tion of amphibole dehydration equilibria yields values of aH2O ranging from 0.05 to 0.26 for these 11 
samples and the compositions of coexisting spinel + olivine + orthopyroxene yield ∆logfO2 (FMQ) of –1 
to +0.6. For nine of the samples, values of fH2 were estimated using amphibole dehydrogenation equi-
libria, and these values of fH2 ranged from 6 to 91 bars. Values of fH2 and fO2 were combined, using the 
relation 2H2O = 2H2 + O2, to estimate a second value of aH2O that ranged from 0.01 to 0.57 for these 
nine samples. Values of aH2O, estimated using these two methods on the same sample, generally agree 
to within 0.05. This agreement indicates that the amphibole in these samples has experienced little 
or no retrograde H-loss and that amphibole equilibria yields robust estimates of aH2O that, in these 
xenoliths, are generally <0.3, and are often 0.1 or less.
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introduction

Trace amounts of H2O can significantly affect the physical 
properties of the upper mantle, including electrical conductiv-
ity and rheology (Karato et al. 1986; Bell and Rossman 1992; 
Kohlstedt et al. 1995; Mei and Kohlstedt 2000a, 2000a; Bolfan-
Casanova 2005; Wang et al. 2006; Yoshino et al. 2009; Zhao and 
Yoshino 2016). Also, the compositions of melts generated in the 
mantle are a function of pressure, temperature, and H2O fugacity 
(Wyllie 1979; Gaetani and Grove 1998; Green and Falloon 1998; 
Green 2015). Thus, the determination of values of the activity 
of H2O (aH2O) for samples from the upper mantle should yield 
additional insight into various mantle processes.

Molecular H2O is the dominant form of water or water vapor 
in the Earth’s hydrosphere, however, in the deeper portions of the 
Earth much of the hydrogen may be incorporated as various spe-
cies in minerals and melts. In these cases (minerals and melts) the 
dominant H-bearing species may be more accurately described 
as H (hydrogen) and not molecular H2O. Although, this H may, 
in many cases, be bonded to an oxygen and, in these cases, the 
H-bearing species may be referred to as OH. If a volatile-rich 

fluid is present, a significant fraction may be molecular H2O, 
however, under reducing conditions, CH4 may be the dominant 
H-bearing species (e.g., French 1966; Kang et al. 2017). In this 
paper we prefer to use H2O as a general term meant to reflect 
both H2O that occurs in a volatile-rich fluid and H or OH that 
occurs in melts or is incorporated in the structures of minerals. 
However, we sometimes choose to emphasize that the H2O in 
question is bound in a mineral and, therefore, may refer to the 
OH content of amphibole (or other “hydrous” minerals) or the 
H-contents of nominally anhydrous phases.

The H2O content of mantle is typically inferred from the 
H2O content of nominally anhydrous minerals (NAMs) such 
as olivines and pyroxenes (Ingrin and Skogby 2000; Beran and 
Libowitzky 2006; Skogby 2006; Peslier 2010; Warren and Hauri 
2014). However, NAMs may also undergo substantial resetting of 
hydrogen contents during xenolith transport and emplacement on 
the Earth’s surface (Ingrin et al. 1995; Kohlstedt and Mackwell 
1998; Ingrin and Skogby 2000; Demouchy et al. 2006; Peslier 
and Luhr 2006). This potential H2O-loss constitutes a significant 
uncertainty in determining the amount of H2O actually stored in 
NAMs throughout the mantle. Obviously, determining values of 
mantle aH2O from the H2O content of NAMs requires that NAMs 
have retained their mantle H2O content during transport and 
emplacement at the Earth’s surface and furthermore an accurate 
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