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Abstract

Enthalpies of formation of kornelite [Fe2(SO4)3·~7.75H2O] and paracoquimbite [Fe2(SO4)3·9H2O] 
were measured by acid (5 N HCl) solution calorimetry at T = 298.15 K. The samples were character-
ized chemically by an electron microprobe, and structurally by the means of single-crystal, in-house 
powder, and synchrotron powder X-ray diffraction. The refined structures for the two phases are 
provided, including estimates of the positions and concentration of non-stoichiometric water in struc-
tural channels of kornelite, location of the hydrogen atoms and the hydrogen bonding system in this 
phase. The measured enthalpies of formation from the elements (crystalline Fe, orthorhombic S, ideal 
gases O2 and H2) at T = 298.15 K are –4916.2 ± 4.2 kJ/mol for kornelite and –5295.4 ± 4.2 kJ/mol for 
paracoquimbite. We have used several algorithms to estimate the standard entropy of the two phases. 
Afterward, we calculated their Gibbs free energy of formation and constructed a phase diagram for 
kornelite, paracoquimbite, Fe2(SO4)3·5H2O, and Fe2(SO4)3 as a function of temperature and relative 
humidity of air. The topology of the phase diagram is very sensitive to the entropy estimates and the 
construction of a reliable phase diagram must await better constraints on entropy or Gibbs free energy 
of formation. Possible remedies of these problems are also discussed.
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Introduction

The minerals kornelite [Fe2(SO4)3·~7.75H2O] and para-
coquimbite [Fe2(SO4)3·9H2O] were reported from several lo-
calities that are mostly related to former mining sites (Merwin 
and Posnjak 1937; Nordstrom and Alpers 1999; Joeckel et al. 
2005; Qin et al. 2008). The two minerals belong to the group 
of hydrated Fe(III) sulfates whose other members are lausenite 
[Fe2(SO4)3·6H2O], quenstedtite [Fe2(SO4)3·11H2O], and coquim-
bite [Fe2(SO4)3·9H2O]; the latter is the most common mineral 
within this group. The formation of hydrated iron sulfate minerals 
is associated with acidic sulfate- and Fe-rich waters that form 
by the oxidation of common sulfide minerals (pyrite, pyrrhotite, 
and marcasite) that occur in ores, anoxic soils and sediments, 
and industrial wastes. The most significant occurrences of such 
waters are generated in the so-called acid mine drainage (AMD) 
systems where the acidity and the sulfur and metal content is 
generated by the oxidation and weathering of ore and gangue 
minerals (Jambor et al. 2000). In the process of sulfide mineral 
weathering, considerable amounts of heavy and toxic metals and 
metalloids can be released into the environment (Jambor et al. 
2000). The low pH encountered in these solutions (Nordstrom 

and Alpers 1999) keeps large quantities of metals and pollutants 
in aqueous solutions that are, in turn, capable of transporting the 
pollution over large distances.

The metal and sulfate ions in solution may precipitate to 
form sulfate minerals, if environmental conditions such as tem-
perature, air humidity, or activities of aqueous ions change. The 
formation of secondary Fe(III) sulfate minerals exerts control 
not only over the Fe and sulfate concentration, but also over 
the concentration of other pollutants. These pollutants may be 
incorporated into the structure of the Fe(III) sulfates or adsorbed 
onto their surfaces (Balistrieri et al. 2007).

The thermodynamic properties of Fe(III) sulfate minerals 
allow estimation of the stability and compute the solubility of 
these phases in the AMD systems. Additionally, the thermody-
namic properties of these minerals are of interest because their 
presence is inferred on the surface of Mars or confirmed in martian 
meteorites (Bridges and Grady 2000; Morris et al. 2006; Johnson 
et al. 2007). A few thermodynamic studies have been carried out 
on Fe(III) sulfate minerals (Baron and Palmer 2002; Majzlan et 
al. 2006); consequently, the thermodynamic description of most of 
them is lacking. Most of the published phase diagrams of Fe(III) 
sulfate minerals are based on earlier solubility studies and field 
observations (e.g., Cameron and Robinson 1907; Posnjak and 
Merwin 1922; Baskerville and Cameron 1935).* E-mail: Juraj.Majzlan@uni-jena.de 


