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Abstract
Rozenite (FeSO4·4H2O) is a candidate mineral component of the polyhydrated sulfate deposits on 

the surface and in the subsurface of Mars. To better understand its behavior at temperature conditions 
prevailing on the Martian surface and aid its identification in ongoing and future Rover missions, we have 
carried out a combined experimental and computational study of the mineral’s structure and properties. 
We collected neutron powder diffraction data at temperatures ranging from 21–290 K, room-temperature 
synchrotron X-ray data and Raman spectra. Moreover, first-principles calculations of the vibrational 
properties of rozenite were carried out to aid the interpretation of the Raman spectra. We found, in contrast 
to a recent Raman spectroscopic study, that there are no phase transitions between 21 and 290 K. We 
confirm the heavy atom structure reported in the literature (space group P21/n) to be correct and present, 
for the first time, an unconstrained determination of the H atom positions by means of high-resolution 
neutron powder diffraction, and report the complete crystal structure at 290 and 21 K. The anisotropy 
of the thermal expansion of the lattice vectors is αa:αb:αc = 1.00:2.19:1.60 at 285 K. Subsequent analysis 
of the thermal expansion tensor revealed highly anisotropic behavior as reflected in negative thermal 
expansion approximately ||〈101⟩ and ratios of the tensor eigenvalues of α1:α2:α3 = −1:3.74:5.40 at 285 K. 
Lastly, we demonstrated how combining Raman spectroscopy and X-ray diffraction of the same sample 
sealed inside a capillary with complementary first-principles calculations yields accurate reference Raman 
spectra. This workflow enables the construction of a reliable Raman spectroscopic database for planetary 
exploration, which will be invaluable to shed light on the geological past as well as in identifying resources 
for the future colonization of planetary bodies throughout the solar system.
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Introduction
Ferrous sulfate minerals occur in various hydration states, 

FeSO4·nH2O with n = 1, 4, 5, 6, 7, most commonly in the vicinity 
of sulfide ore deposits (Jambor et al. 2000). In such environments, 
weathering of ore and waste materials releases oxidized iron and 
sulfur, as well as a wide range of potentially toxic elements, into 
nearby surface waters (Hudson-Edwards et al. 1999; Nordstrom 
2011), which subsequently precipitate as hydrous ferric and ferrous 
sulfates. Widespread occurrences of minerals diagnostic to acid 
mine drainage environments have been identified on the Martian 
surface using both surface (Klingelhöfer et al. 2004) and orbit 
(Carter et al. 2013) based measurements. These findings have been 
interpreted as evidence for the existence of acidic aquatic envi-
ronments early in Martian history (Squyres et al. 2004). In detail, 
it has been proposed that hydrated sulfate minerals on Mars are 
secondary minerals produced by the evaporation of fluids involved 
in the aqueous alteration of Martian basalt (Tosca et al. 2005). 
In the Valles Marineris canyon system sulfate minerals occur in 

sandy stratified deposits, typically exposed in canyon walls, and lie 
stratigraphically above widespread clay-mineral deposits (Roach 
et al. 2010). This stratigraphic sequence records a transition from 
neutral-alkaline (clay-forming) to acidic (iron sulfate-forming) 
aqueous environments indicating a change in global climate from 
wetter to dryer conditions starting around 4 Gya (Bibring et al. 
2006). Due to their apparent role as climatological archives, a 
detailed mineralogical characterization of these sulfate deposits 
is essential to decipher the nature and drivers of changing envi-
ronmental conditions during the planet’s early history. However, 
attempts to assign any single mineral species to the spectral data 
acquired for the polyhydrated sulfate deposits have proven to be 
challenging. This is due to inherent difficulty in differentiating 
between the diffuse near-IR reflectance spectra of different sulfate 
phases in the range 0.35–5.1 μm [corresponding to the OMEGA 
spectrometer on-board the Mars Express orbiter (Langevin et 
al. 2006)] that is typically measured from orbit, i.e., significant 
spectral similarities occur between sulfates of different chemical 
composition and degrees of hydration (Bishop et al. 2009).

Numerous studies have been carried out to identify candidate 
minerals for the polyhydrated sulfate phase. If these deposits in-
deed originate from the alteration of olivine in Martian basalt, the 
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