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ABSTRACT

The enigma of ammonium mineral speciation in the solar system has no proven solution due to the
lack of data on the real minerals serving as space ammonium carriers. We herein report on the discovery
of the first ammonium mineral in meteoritic substance and show its relevance to compositional and
spectral characteristics ascribed to hypothetical ammonium phases in cometary and asteroidal bodies.
Chemically distant from previously inferred volatile organics or ammoniated phyllosilicates, the min-
eral is an aqueous metal-ammonium sulfate related to the picromerite group—a family of so-called
Tutton’s salts. Nickeloan boussingaultite, (NH4)2(Mg,Ni)(SO4)2·6H2O, was discovered in Orgueil,
a primitive carbonaceous chondrite closely related to (162173) Ryugu and (101955) Bennu, the C-type
asteroids. The available spectroscopic, chemical, and mineralogical data signify that natural sulfates
related to boussingaultite-nickelboussingaultite series perfectly fit into the role of bound ammonia
carriers under conditions of cometary nuclei and carbonaceous asteroids. The potential technogenic
contamination of astromaterial samples and the difficulties in electron microprobe determination of
ammonium are discussed in the context of recently published reports on the discovery of lunar and
asteroidal ammonium-containing minerals.
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INTRODUCTION

Elucidating the evolution of cosmic nitrogen is one of the
challenges of modern planetary science. Ammonia and ammo-
nium, the simplest carriers of reduced, life-essential nitrogen,
are believed to be abundant on the icy solar system bodies
(Pizzarello and Williams 2012; Pizzarello and Bose 2015;
Altwegg et al. 2019; Poch et al. 2020; Grewal et al. 2021).
Spectroscopic observations indicate the likely occurrence of
ammonium salts in surficial deposits of (1) Ceres, a dwarf
planet (King et al. 1992; De Sanctis et al. 2015), and in cometary
bodies (Poch et al. 2020; Lewis et al. 2023). However, all
reported interpretations remain ambiguous, as they are based
solely on remote sensing and laboratory simulations (Marion
et al. 2012; De Sanctis et al. 2015; Berg et al. 2016; Poch et al.
2020), without knowledge of the real minerals—natural ammo-
nium carriers that might constitute the celestial bodies.

The absence of recognizable ammonium minerals in mete-
orite, cometary, and asteroid sample returns suggests that such
indigenous salts could have disappeared—either sublimated or
thermally decomposed—already in space (Poch et al. 2020;
Matsumoto et al. 2024). The questionable point of such an
opinion is that various aqueous minerals, many of them as
unstable as ammonium ones, are successfully delivered on
Earth with meteorite influx (Rubin and Ma 2017). In addition,

traces of water-soluble ammoniumwere confirmed in primitive
meteorites—aqueously altered carbonaceous chondrites
(Pizzarello and Williams 2012; Pizzarello and Bose 2015)
and in the samples returned from Ryugu, a C-type asteroid
(Pilorget et al. 2022; Schmitt-Kopplin et al. 2023). Unfortu-
nately, all ammonium determinations in the samples of extra-
terrestrial origin are based on the analyses of leachates or
evolved gases released from bulk probes. The identification
of real ammonium minerals is an uncharted area of space
research. It may be that native ammonium salts, being much
scarcer than aqueous minerals, are simply overlooked during
conventional analytical procedures. Recent reports of an
ammoniummineral in lunar regolith (Jin et al. 2024) and a pos-
sible ammonium-bearing phase in Ryugu samples (Pilorget
et al. 2024) support this assumption. To elucidate this problem,
we re-examined the Orgueil material, a primitive CI1 carbona-
ceous chondrite that contains ammonium of definitely extrater-
restrial origin (Laize-Générat et al. 2024). We herein report the
discovery of the first meteoritic ammonium mineral and dem-
onstrate that it may serve as the likely carrier of bound ammo-
nia in cometary and asteroidal bodies.

SAMPLES AND METHODS

Samples
A 4 × 4 × 5 mm3 piece of Orgueil from the collections of Vernadsky Institute

of Geochemistry was crushed between flat glass plates. The material was inspected
under a binocular microscope at 120× magnification. The boussingaultite crystals
could be distinguished from other near-colorless minerals (dolomite, hexahydrite,
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