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Although hydrogen is the most abundant element in the solar system, the mechanisms of exchange 
of this element between the deep interior and surface of Earth are still uncertain. Hydrogen has profound 
effects on properties and processes on microscopic-to-global scales. Here we report the discovery of 
the first hydride (VH2) ever reported in nature. This phase has been found in the ejecta of Cretaceous 
pyroclastic volcanoes on Mt Carmel, N. Israel, which include abundant xenoliths containing highly 
reduced mineral assemblages. These xenoliths were sampled by their host magmas at different stages 
of their evolution but are not genetically related to them. The xenoliths are interpreted as the products 
of extended interaction between originally mafic magmas and CH4+H2 fluids, derived from a deeper, 
metal-saturated mantle. The last stages of melt evolution are recorded by coarse-grained aggregates 
of hibonite (CaAl12O19) + grossite (CaAl4O7) + V-rich spinels ± spheroidal to dendritic inclusions of 
metallic vanadium (V0), apparently trapped as immiscible metallic melts. The presence of V0 implies 
low oxygen fugacities and suggests crystallization of the aggregates in a hydrogen-rich atmosphere. 
The presence of such reducing conditions in the upper mantle has major implications for the transport 
of carbon, hydrogen and other volatile species from the deep mantle to the surface.
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introduction

Evidence is rapidly accumulating for the widespread presence 
of highly reduced [low oxygen fugacity (fO2)] volumes within the 
lithospheric mantle, both beneath cratons and in off-craton areas 
with much thinner lithosphere (Griffin et al. 2018, 2019a). A key 
indicator of such low fO2 is moissanite (SiC), which becomes 
stable at fO2 ca. 6 log units below that of the iron-wustite buffer 
reaction (ΔIW-6). The IW buffer is generally thought to define 
the minimum fO2 of both the lithospheric mantle and the deeper 
mantle (Frost and McCammon 2008). However, SiC with high-
temperature metallic inclusions is a relatively common trace phase 
in heavy-mineral concentrates from kimberlites, lamproites, and 
similar deep-seated volcanic rocks, and it occurs as an inclusion 
in diamonds (Shiryaev et al. 2011; Griffin et al. 2018, 2019a). It 
has also been found in the peridotites and chromitites of many 
ophiolitic complexes, particularly in the Tethyan belt across Tibet 
into Turkey, and in the Polar Urals. In these complexes, SiC is usu-
ally associated with a suite of other super-reduced (SuR) phases 
including carbides, silicides, and native metals (Fe, Cr, Ni) and, in 
some cases, microdiamonds with unusual morphology and isotopic 
characteristics (Xiong et al. 2017).

At least two off-craton occurrences, at Mt Carmel in northern 
Israel (Griffin et al. 2016, 2018; Xiong et al. 2017) and Sierra de 
Comechingones, Argentina (Cámara et al. 2019), now provide 

evidence for even lower fO2, in the form of V2+-bearing oxides, 
V-Al alloys, and native vanadium in hibonite-grossite-spinel 
assemblages found as xenolithic fragments in tuffs produced by 
explosive eruptions. The native metal requires fO2 of ca. ΔIW-9, 
which suggests the presence of hydrogen-dominated fluids. Here 
we confirm this suggestion by reporting the discovery of the first 
natural metal hydride, VH2, from the Mt Carmel locality, and 
discuss the implications for mantle fO2 and the transfer of fluids 
in the mantle.
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The xenoliths in which the natural hydride was found occur in 
the pyroclastic ejecta of small Cretaceous basaltic volcanoes ex-
posed on Mt Carmel and have been sampled from placer gemstone 
deposits in the Kishon river, which drains Mt Carmel and enters 
the sea near Haifa in northern Israel (Griffin et al. 2018). They are 
part of a xenolith assemblage that includes aggregates of skeletal 
corundum crystals with melt pockets containing reduced mineral 
assemblages [SiC (moissanite), Fe-Ti-Zr silicides/phosphides, Ti-
nitrides, and borides] that require high T and very low fO2 (down 
to ≤ ΔIW-7). The xenoliths studied here comprise coarse-grained 
aggregates of hibonite+grossite+spinel assemblages that carry 
inclusions of V0 and V-Al alloys, indicating fO2 down to ≤ ΔIW-
9. Descriptions of these rocks (Griffin et al. 2016, 2018, 2019a, 
2019b; Xiong et al. 2017) have noted the abundance of amorphous 
carbon in brecciated aggregates, and SiC and TiC in the xenoliths, 
and suggested that the crystallization of skeletal corundum and 
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