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     Overview:  Stability experiments indicate that amorph-

ous sulfate phases may be important constituents of martian 

surface materials [1-2]; there is also considerable spectral 

evidence for non-crystalline sulfate phases on Europa [3-4].  

However, the thermal infrared (TIR) and near-infrared (NIR) 

spectral characteristics of these phases are largely unknown.  

X-ray amorphous Mg- and Fe-sulfate phases were synthe-

sized and TIR bidirectional reflectance spectra were col-

lected from the synthetic samples.  Compared to their well-

crystalline counterparts, the amorphous phases exhibit signif-

icant broadening and shifting of both fundamental internal 

vibration modes as well as Mg-O and Fe-O vibrational 

bands.  Further TIR and NIR spectral characterizations of 

these materials will be directly applicable to analyses of 

MGS TES, MER Mini-TES, MRO CRISM, MEX OMEGA, 

Galileo NIMS, Cassini VIMS, and telescopic data.  

     Background:  Recent experimental investigations of the 

stability of Mg-sulfates on Mars indicate that an amorphous 

Mg-sulfate phase forms through rapid dehydration of hex-

ahydrite or epsomite at low temperatures (<~30°C) and low 

relative humidity—conditions similar to those found in Mar-

tian equatorial regions during the day [1-2].  The synthesized 

phases were found to be metastable under these conditions, 

with sluggish rates of conversion to more crystalline forms.  

On the basis of these findings, Chipera and Vaniman [2] 

suggest that amorphous sulfate should be a common sulfate 

phase on the martian surface.   

     Poorly crystalline sulfates have been identified as bypro-

ducts of basalt weathering under acidic conditions [5-6].  

Recent modeling of rock chemical compositions observed by 

the Mars Exploration Rovers suggest that acidic conditions 

have dominated the geologic history of Mars.  Because of the 

probable acidic conditions and prevalence of basaltic starting 

materials, it has been proposed that salt crusts on Mars may 

include amorphous sulfate [5].    

     NIR spectra of dark, non-ice materials on Europa indicate 

the presence of a hydrated sulfate phase [7].  However, close 

inspection of the spectral detail indicates that these materials 

lack the spectral structure that is typical of crystalline sulfates 

[3-4].  Alternate candidate materials may be flash-frozen 

brines, forming disordered, hydrated MgSO4 [3-4] or sulfuric 

acid hydrates [8].   

     A systematic study of Raman spectral changes with hydra-

tion state in MgSO4 phases, both crystalline and non-

crystalline, demonstrated that amorphous Mg-sulfate is spec-

trally unique from crystalline forms [9].  In addition, 

McCord et al. [3] show that disordered Mg sulfates formed 

through flash-freezing of brines exhibit differences in NIR 

spectra from their well-crystalline counterparts.  In these 

examples, however, systematic examination of spectral 

changes with increasing crystallinity or varying major cation 

composition has not been carried out. Furthermore, the NIR 

and TIR reflectance properties of amorphous and poorly 

crystalline sulfate phases are largely unknown.  Therefore, it 

is impossible to evaluate the contribution of these phases to 

infrared spectra of Mars and other solar system bodies.   

   Because crystallinity is related directly to formation 

process and conditions, it is important to be able to recognize 

amorphous and poorly crystalline phases on planetary sur-

faces.  Amorphous and poorly crystalline sulfate phases are 

commonly produced through both abiotic and biogenic activ-

ity on Earth.  Thus, spectral characterization of these mate-

rials is important for astrobiology objectives in addition to 

planetary geologic exploration.        

     Methods:  Chipera and Vaniman [2] showed that an 

amorphous Mg-sulfate phase forms when hexahydrite is 

placed in a vacuum at ~30°C and remains “stable” outside of 

these conditions on the timescale of hours, at a minimum.  

Using this approach, we prepared X-ray amorphous Fe- and 

Mg-sulfate phases by placing Fe(II) and Mg sulfate hydrates 

under vacuum for 24 hours.  The Mg sulfate used was hex-

ahydrite, and the Fe(II) sulfate starting material was a mix-

ture of melanterite (FeSO4·7H2O) and FeSO4·4H2O (portions 

of the melanterite had dehydrated in the storage container).   

     Water content was estimated by weight loss upon pro-

grammed heating using combined thermo-gravimetric analy-

sis (TGA) and differential scanning calorimetry (DSC).  X-

ray diffraction (XRD) was used to provide a preliminary 

evaluation of crystallinity.  XRD measurements were ac-

quired with a Scintag PADx diffractometer using Cu Kα 

radiation (λ = 1.5415 Å) and a solid-state Ge detector. 

     Because of the short time frame of stability associated 

with these samples, the dehydration products were trans-

ferred immediately from vacuum to a hydraulic press, and 

then to a Thermo Fisher Nicolet 6700 Fourier transform 

infrared Michelson interferometer for spectral characteriza-

tion.  Dehydration products were pressed into pellets at 

10,000 PSI to minimize volume scattering.  Thermal infrared 

(~2.5-200 µm) bidirectional reflectance spectra of the pellets 

were immediately acquired.     

     Results:  Upon removal from vacuum, water contents 

were estimated to be ~19 wt% and 16 wt% for the Mg and Fe 

sulfate phases, respectively.  XRD patterns acquired for each 

phase (Figure 1) exhibit broad, diffuse peaks, indicating the 

non-crystalline nature of these materials.  To our knowledge, 

this is the first demonstration that hydrated Fe sulfates con-

vert to non-crystalline forms upon dehydration.  Interesting-

ly, hydrated Mg sulfates with less than 6 structural waters per 

sulfate do not convert to amorphous forms upon rapid dehy-

dration [2].  This is in contrast to Fe(II) sulfate systems, 

where it appears that an amorphous phase will form from 

crystalline sulfates with as few as 4 structural waters per 

sulfate (Figure 1).  XRD patterns were acquired again for the 

samples, after ~24 hours.  The Fe sample fully reverted to a 

crystalline form within that time; the Mg sample partially 

reverted to a crystalline form.   

     TIR specular reflectance spectra of the rapid dehydration 

products are shown in Figure 2.  The spectra are also com-

pared with emissivity spectra of crystalline Mg and Fe(II) 
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sulfates with similar water contents.  Compared to their crys-

tallline counterparts, X-ray amorphous sample spectra exhi-

bit significant broadening of the ν3 SO4 internal stretching 

mode (between ~1150-1250 cm-1), and also broadening and 

shifting of the ν1 mode near ~1020 cm-1.  Broadening and 

merging of ν4 SO4 internal bending bands (between ~550-650 

cm-1) are also observed, and the ν2 bending modes are nearly 

diminished in the X-ray amorphous samples.  Mg-O and Fe-

O vibrations in the sulfate structure (<~300 cm-1) are also 

broadened and shifted (Figure 2). 

     Conclusions and future work:  The spectra in Figure 2 

illustrate that crystallinity does have a significant effect on 

the spectral properties of sulfate phases, as expected.  Com-

pared to their well-crystalline counterparts, the amorphous 

phases exhibit significant broadening and shifting of both 

fundamental internal vibration modes as well as Mg-O and 

Fe-O vibrational bands.   

      An important aspect of this work will be to characterize 

the NIR spectral properties of these phases, for direct com-

parison to CRISM, OMEGA, VIMS and NIMS data.  Se-

condly, detailed structural characterization of these dehydra-

tion products using pair distribution function (PDF) analysis 

would provide direct information regarding the length scale 

of structural coherence (crystallinity).  Nuclear magnetic 

resonance (NMR) spectroscopy might also provide informa-

tion about the local structure and coordination of H in Fe-

free systems.  Using this information, spectral band positions 

and shapes could then be related to fundamental structural 

changes during the transformation from amorphous to crys-

talline forms.  This information could prove useful for re-

mote spectral distinction between amorphous materials of 

varying major element composition and possibly hydration 

state.   
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Figure 1 (above).  XRD patterns collected from (a) Mg 

sulfate hexahydrate and its rapid dehydration product and 

(b) Fe(II) sulfate tetrahydrate plus Fe(II) sulfate hepta-

hydrate,  and its rapid dehydration product.  The broad, 

diffuse peaks associated with the dehydration products 

indicate their non-crystalline nature.    

Figure 2 (right). a)  TIR bidirectional reflectance spectra 

of X-ray amorphous Mg- and Fe-sulfate phases. b)  In-

verted TIR reflectance spectrum of the X-ray amorphous 

Mg-sulfate phase compared with emissivity spectra of 

crystalline Mg-sulfate hydrates with similar water contents 

to the amorphous phase.  Emissivity spectra are from Bal-

dridge [10].  c) Inverted TIR reflectance spectrum of the 

X-ray amorphous Fe(II)-sulfate phase compared with an 

emissivity spectrum of a crystalline monohydrated Fe(II)-

sulfate.  The crystalline sample has slightly less water 

content (~10 wt%)  than the non-crystalline phase (~19 

wt%), but is the closest in composition among available 

crystalline sample spectra.  Emissivity spectrum is from 

Lane [11]. 
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