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aBsTracT

Phases encountered in the hydration of monoclinic and trigonal anhydrous Fe2(SO4)3 and evapo-
ration of Fe2(SO4)3 solutions at room temperature were determined using in situ and ex situ X-ray 
diffraction (XRD) under dynamic relative humidity (RH) control at room temperature (22–25 °C). 
Both monoclinic and trigonal forms of Fe2(SO4)3 remain anhydrous at 11% RH or below, and undergo 
the following phase evolution sequence: anhydrous Fe2(SO4)3 → (ferricopiapite, rhomboclase) → 
kornelite → paracoquimbite at RH between 33 and 53% as a function of time. Evaporation of aque-
ous Fe2(SO4)3 solutions at 40% < RH < 60% results in precipitation of ferricopiapite and rhomboclase 
during evaporation, followed by a transition to kornelite and then paracoquimbite. Evaporation at 
RH < 33% produced an amorphous ferric-sulfate phase. The presence of some iron sulfate hydrates 
and their stability under varying RH are not only determined by the final humidity level, but also the 
intermediate stages and hydration history (i.e., either ferricopiapite or paracoquimbite can be a stable 
phase at 62% RH depending on the hydration history). The sensitivity to humidity change and path-
dependent transitions of ferric sulfates make them potentially valuable indicators of paleo-environ-
mental conditions and past water activity on Mars. The phase relationships reported herein can help 
in understanding the diagenesis of ferric sulfate minerals, and are applicable to geochemical modeling 
of mineral solubility in multi-component systems, an endeavor hindered by the need for fundamental 
laboratory studies of iron sulfate hydrates.
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inTroducTion

An exciting result of recent Mars exploration is the observa-
tion of hydrated minerals (including hydrous sulfate minerals 
and phyllosilicates) that constitute an important fraction of 
sedimentary minerals on Mars (Bibring et al. 2005; Gendrin et 
al. 2005; McLennan and Grotzinger 2008; Poulet et al. 2005; 
Squyres et al. 2004). The presence of these hydrated minerals 
implies water once played a significant role in martian surficial 
evolution. Detailed understanding of the formation, stability, 
and post-depositional evolution of these minerals is crucial in 
reconstructing ancient martian environments.

Among these hydrated minerals, iron sulfates are capable 
of yielding uniquely detailed information on the environmental 
conditions of the past and present martian surface, because 
their stability is governed by important variables such as pH, 
redox conditions, temperature (T), and relative humidity (RH). 
To date, several iron sulfate minerals have been confirmed or 
strongly suspected at various places at the Spirit and Opportunity 
sites from Mössbauer or infrared spectroscopy data, including 
jarosite [(Na,K,H3O)+Fe3(SO4)2(OH)6], rhomboclase [(H3O+)
Fe(SO4)2∙3H2O], ferricopiapite [Fe4.67(SO4)6(OH)2∙20H2O], 
fibroferrite [Fe(OH)(SO4)∙5H2O], and schwertmannite 
[Fe16O16(SO4)2(OH)12∙10H2O] (Farrand et al. 2007; Johnson et 

al. 2007; Klingelhofer et al. 2004; Lane et al. 2008; Morris et 
al. 2006; Poulet et al. 2008; Yen et al. 2008). The presence of 
sulfate minerals in evaporative settings implies that a warmer, 
wetter, and acidic environment might have existed in the early 
evolution of Mars (Bibring et al. 2006; Hurowitz and McLen-
nan 2007; King and McSween 2005). Some workers have also 
suggested that the formation and distribution of ferric sulfate 
minerals on the martian surface may be influenced by post-
depositional diagenetic aqueous processes (Bibring et al. 2007; 
Tosca et al. 2008). In addition, ferric sulfates found within soils 
in the Columbia Hills and Inner Basin of Gusev Crater are likely 
associated with hydrothermal and fumarolic processes (Johnson 
et al. 2007; Morris et al. 2008; Wang et al. 2008).

Sulfate minerals are known to display path-dependent 
phase transitions as a function of RH. For example, kieserite 
(MgSO4∙H2O) transforms to hexahydrite (MgSO4∙6H2O) or 
epsomite (MgSO4∙7H2O) when exposed to humid air, while  
subsequent desiccation produces an amorphous phase rather 
than kieserite (Vaniman et al. 2004). These results suggest that 
kieserite might not occur in places influenced by surface cycles 
of hydration and dehydration (Vaniman et al. 2004). Similarly, 
Fe-sulfate minerals crystallize in multiple hydration states that 
are also sensitive to the changes in RH. Furthermore, as we show 
in this study, Fe3+ hydrolysis can significantly complicate hydra-
tion and dehydration reactions, but characterizing these complex * E-mail: john.parise@stonybrook.edu


