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Abstract
The existence or otherwise of the hydronium cation within the mineral alunite has proved difficult
to verify based on experimental data alone. In the present study, we employ first-principles quantum
mechanical techniques to determine the nature of the structure of hydronium alunite. A new model
for the hydrogen atom disorder is predicted that differs from a proposed arrangement in the case of
the analogous stoichiometric hydronium jarosite. Instead of occupying one of two orientations that
respect the threefold symmetry axis passing through the oxygen, the cation is found to occupy a tilted
orientation leading to a greater degree of disorder. Dynamical simulations indicate that the reorientation of the hydronium ions is rapid and exhibits no correlation between the cation sites. The higher
level of disorder in the hydrogen positions offers an explanation as to why their location has proved
elusive thus far.
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Introduction
Minerals of the alunite supergroup are widely distributed
and play significant roles in the storage and release of water,
acidity, and toxic elements such as As and Pb. Members of the
supergroup form in a diverse range of terrestrial environments
and have also been identified on Mars, providing mineralogical
evidence that the planet was once wet and may have supported
life (Klingelhöfer et al. 2004). Alunite forms as the result of the
dissolution of aluminosilicates or aluminum oxides in weathering
under acidic conditions, in the presence of a sufficient source of
sulfur, where it can form large deposits such as those in Tolfa,
Italy. Formation in lacustrine and hydrothermal environments is
also known (Stoffregen and Alpers 1992; Bigham and Nordstrom
2000; Stoffregen et al. 2000).
The isostructural alunite supergroup has a general formula of
AB3(TO4)2(OH)6, where A represents cations with a coordination
number ≥9, and B and T represent cation sites with octahedral (O)
and tetrahedral (T) coordination, respectively (Jambor 1999). In
the parent mineral, alunite [KAl3(SO4)2(OH)6], the B-site cation
is Al3+, the A site is occupied by K+ in 12-fold coordination, and
the T site is filled by sulfur leading to the formation of what
can be considered to be a sulfate anion (SO42–). Some substitution by other cations (e.g., Na for K) is found in the structure,
but impurities are much less common than in the isostructural
jarosite phases. The alunite structure often contains A- and Bsite vacancies (Dutrizac and Jambor 2000; Greedan 2001), and
“excess”, non-OH water, which is assumed to be in the form of
hydronium (or “oxonium,” H3O+) that substitutes for K+ on the
A site (Ripmeester et al. 1986; Alpers et al. 1989). As Lager et
al. (2001) point out, the existence of hydronium is supported
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by K+ deficiencies in the structure and the fact that hydronium
alunite end-members without any alkalis can be synthesized
(Murphy et al. 2009).
As hydronium cannot be detected using standard techniques,
such as electron microprobe analysis, many researchers have
attempted to prove its existence in the alunite or jarosite structure using vibrational, NMR, and other spectroscopic methods
(Ripmeester et al. 1986; Breitinger et al. 1997; Lager et al.
2001; Nielsen et al. 2007, 2008 and references therein). Despite
all of this effort, uncertainty regarding the nature and precise
orientation of hydronium in alunite still exists. Nielsen et al.
(2007) found that H3O+ is stable in the alunite structure only
for near stoichiometric materials, with the presence of B-site
vacancies leading to reaction of hydronium with the adjacent
hydroxyl groups. This finding is similar to that proposed for
hydronium jarosite by Grohol et al. (2003). Using incoherent,
inelastic neutron-scattering methods, Lager et al. (2001) were
unable to distinguish hydronium from OH groups and H-bonded
H2O molecules in alunite, and suggested that non-OH H2O be
characterized by analyzing neutron, optical and NMR data by
“rigorous numerical simulations.” We follow this recommendation and present herein the results of quantum mechanical
calculations aimed at understanding the nature of hydronium in
the alunite structure.

Experimental methods
Periodic density functional theory within the Kohn-Sham formalism has been
employed to study the structure and properties of hydronium alunite. Specifically,
we use the particular numerical implementation contained within the SIESTA
methodology and code (Soler et al. 2002). Here the nuclei and core electrons of
atoms are represented through the use of norm-conserving pseudopotentials of the
modified Troullier-Martins form (Troullier and Martins 1991), while the valence
electrons are treated explicitly. The Kohn-Sham states are expanded in a basis set
consisting of the numerical pseudo-atomic orbitals (PAOs) that are strictly confined
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