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ABSTRACT
Published estimates for the equilibrium relative humidity (RH) at 25 °C for the reaction: bieberite
(CoSO4·7H2O) = moorhouseite (CoSO4·6H2O) + H2O, range from 69.8 to 74.5%. To evaluate these data,
the humidity-buffer technique was used to determine equilibrium constants for this reaction between
14 and 43 °C at 0.1 MPa. Reversals along Þve humidity-buffer curves yield ln K = 18.03–6509.43/T,
where K is the equilibrium constant, and T is temperature in K. The derived standard Gibbs free energy
of reaction is 9.43 kJ/mol, which agrees well with several previously reported values based on vaporpressure measurements. It also agrees well with values calculated from the data derived mostly from
calorimetric measurements. Previous studies indicated that the temperature of the invariant point for
the assemblage bieberite-moorhouseite-aqueous solution-vapor is near 44.7 °C, and our extrapolated
data predict 91.1% RH at this temperature; the predicted position for the invariant point is in excellent
agreement with those reported previously.

INTRODUCTION
Secondary metal-sulfate salts can be important components
of the hydrochemical cycles of metals, sulfur, and acidity at active and abandoned mine sites. Sulfate salts of Fe, which form
from the oxidative weathering of pyrite or pyrrhotite, typically
are the most common at these sites (Jambor et al. 2000). Salts of
common base metals such as Cu, Zn, Ni, and Co, which result
from the weathering of sulÞde minerals of these metals, also can
be found locally at these sites. Acid generated from the oxidation
of pyrite or pyrrhotite can attack carbonate and silicate minerals
in the country rock to contribute Ca, Mg, Mn, and Al, and yield
salts of these elements.
Despite the occurrence of Cu-, Zn-, Ni-, and Co-sulfate salts
in nature, these metals more commonly occur as solid solutions in
more common sulfate salts such as melanterite [Fe2+SO4·7H2O].
Copper and Zn show extensive solid solution in the melanterite
structure, both exceeding 50 mol% and both with possible miscibility gaps (Jambor et al. 2000; Peterson 2002). Solid solution
of Ni in the melanterite structure approaches 20 mol%, whereas
that for Co is complete (Jambor et al. 2000).
Metals present as major or minor constituents in sulfate salts
can have signiÞcant impacts on aquatic ecosystems because the
salts provide a means of storing metals and subsequently releasing them due to the high solubilities of the salts. Uncertainties
in the thermodynamic properties of these salts, especially the
Gibbs free energy of formation and the enthalpy of formation,
severely limit the ability to model the behavior of these salts in
natural and laboratory settings. The uncertainties also hinder
the ability to model solid-solution effects in these minerals
and the aqueous speciation of high ionic strength solutions in
these systems. The humidity-buffer technique was developed
recently to resolve discrepancies in the location of dehydration
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reactions at near-ambient conditions (Chou et al. 2002). To date,
the technique has been used to investigate dehydration equilibria
of end-member system including those of Fe2+ sulfates (Chou et
al. 2002), Cu sulfates (Chou et al. 2002), Zn sulfates (Chou and
Seal 2005), Mg sulfates (Chou and Seal 2003a), and Ni sulfates
(Chou and Seal 2003b). This paper extends our understanding
to Co sulfates.
Mineralogy of cobalt sulfates
Bieberite is a member of melanterite group, which consists
of monoclinic (P21/c) sulfate heptahydrate minerals of the
type M2+SO4·7H2O, where M represents Fe (melanterite), Cu
(boothite), Co (bieberite), Mn (mallardite), and (Zn, Cu) (zincmelanterite). In contrast, the common Mg sulfate heptahydrate,
epsomite [MgSO4·7H2O], is orthorhombic and belongs to
the epsomite group, wherein morenosite [NiSO4·7H2O] and
goslarite [ZnSO4·7H2O] are additional members (Jambor et
al. 2000). Bieberite and mallardite are well known as synthetic
compounds, and are more common in nature than boothite and
Zn-melanterite, which have been found only at a few localities
(Jambor et al. 2000). Bieberite forms a complete solid solution
with other members of melanterite group, but miscibility gaps
exist in synthetic metal-sulfate heptahydrates precipitated at
room temperature for the binary systems of bieberite-epsomite,
bieberite-goslarite, and bieberite-morenosite (Aslanian et al.
1972; Balarew et al. 1973; Siebke et al. 1983).
Moorhouseite is one of the six members of the hexahydrite
group, which are monoclinic (C2/c) sulfate minerals of the type
M2+SO4·6H2O, where M represents Mg (hexahydrite), Mn (chvaleticeite), Fe (ferrohexahydrite), Ni (nickelhexahydrite), Co
(moorhouseite), and Zn (bianchite). The minerals of the group,
except hexahydrite, occur sparingly in nature, and mainly as
the oxidation products of sulÞde deposits. Moorhouseite has
been reported from only two localities, and the cation ratios
for the type material are Co:Ni:Mn:Cu:Fe:Zn = 55:25:12:5:3:1

