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Sulfates were found on Mars by both surface ex-

plorations and orbital remote sensing, but discrepan-
cies exist in the results of these two groups of obser-
vations. Mars Exploration Rovers have found Fe-, 
Ca-, and Mg-sulfates on Mars in the vicinities of 
their landing sites. Jarosite, [KFe3+

3(SO4)2(OH)6], has 
been definitively identified by Mössbauer spectros-
copy, and this mineral accounts for  ~ 10 wt.%  the 
material in Meridiani outcrop [1]. From the salty 
soils excavated by the wheels of Spirit rover at 
Gusev, a tentative mineral identification, also based 
on Mössbauer spectroscopy, was made for ferric sul-
fate; although no further specific mineralogy can be 
extracted at the moment [2]. In MER investigations, 
compositional correlations seen in APXS data [3, 4] 
and mineral modeling based on APXS and MB data, 
have been used to imply the existence Mg-sulfates 
and Ca-sulfates in Gusev salty soils, the Meridiani 
outcrop, and in a few Gusev outcrops [3, 4, 5, 6, 7].   

On the other hand, orbital remote sensing based on 
NIR reflectance spectra by OMEGA on Mars Ex-
press and by CRISM on MRO clearly shows the evi-
dence for Mg- and Ca-sulfates but not Fe-sulfates [8, 
9]. The general non-detection of iron sulfates on 
Mars by orbital remote sensing is one of the biggest 
mysteries in martian sulfate investigation:  Iron sul-
fates of any kind were not seen at Meridiani Oppor-
tunity landing site and traversing area [10], where the 
Meridiani outcrops extend several hundreds km wide 
and several hundreds meter in depth. We believe the 

solution to this mystery may be found in the details 
of NIR (1 to 5 µm) spectra of the sulfates -- espe-
cially when they are mixed with each other or mixed 
with basaltic components.  

The purpose of the D2O substitution experiments 
described here is to build a reliable set of peak as-
signments for hydrated metal sulfates in the 1 to 5 
µm spectral region as observed by both OMEGA and 
CRISM -- a spectral region dominated by the OH 
stretching vibration of the water molecule plus nu-
merous overtone and combinational modes attributed 
to fundamental modes of both the water molecule and 
the sulfate ion.  These peak assignments help the 
interpretation of the NIR spectra obtained in 
OMEGA and CRISM experiments. .  

D for H substitution is a traditional technique for 
determining which bands in the vibrational spectrum 
of a material are associated with motions involving 
the H atom. In our case, we substitute D2O for H2O 
to identify fundamental, combinational and overtone 
vibrations associated with the waters of crystalliza-
tion in the sulfate minerals. . The approach we used 
here is to build first a basic set of peak assignments 
of the fundamental vibrational modes seen in Raman 
and mid-IR spectra of liquid H2O and D2O and sub-
stituted hydrates of the Mg- and Fe-sulfates; and then 
to use these assignments to understand the overtone 
and combinational modes observed in the in NIR 
spectral range of the minerals.  

Spectral features of H2O/D2O: Figure 1 shows a 
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set of Raman, mid-IR, and diffuse reflectance NIR 
spectra of liquid D2O compared to the spectra of liq-
uid H2O. Diffuse reflectance spectra of the liquids 
were obtained with a Nexus 670 FTIR spectrometer 
fitted with a diffuse reflectance attachment. Samples 
were in the form a layer of NIR-transparent, pow-
dered CaF2 moistened with a few drops of the liquid. 
The ATR spectra were recorded using a diamond 
anvil ATR attachment. Raman spectra were acquired 
with a HoloLab5000-532 system. In Figure 1, the % 
diffuse reflectance data have been converted to 
Kubela-Munk units, ATR mid-IR spectra are shown 
in ATR corrected absorbance units, and Raman spec-
tra are shown in relative intensity units.  

D2O substitution in Mg-sulfates: MgSO4
.7D2O 

was prepared by dissolving MgSO4·H2O into liquid 
D2O at nearly 100°C and then cooling the solution to 
room temperature to precipitate crystals. This process 
was repeated 3 - 4 more times using new liquid D2O 
each time. This procedure converted the majority of 
structural water into the deuterated form. Dehydra-
tion of MgSO4

.7D2O using deuterated, aqueous-salt 
solutions as relative-humidity buffers is also under 
way to produce the deuterated hydrates of starkeyite 
and kieserite. Figure 2 shows a set of Raman, mid-
IR, and NIR diffuse reflectance spectra of epsomite 
and that of its deuterated analog. The mid-IR  ab-
sorbance spectrum of the deuterated material shows 
that over 80% of structural waters had been substi-
tuted by D2O.  

D2O substitution in Fe2+-sulfates: FeSO4
.7D2O 

was prepared in the same way as for MgSO4.D2O. It 
was noted that despite our precautions to exclude 
oxygen from the experiments, some small amount of 
the ferric ion were produced in the solution.  The 
very high solubility of Fe2(SO4)3 in water relative to 
FeSO4 , however, insured that only the hydrated fer-
rous species crystallized on cooling the aqueous solu-
tion. Dehydration of the FeSO4

.7D2O over deuter-
ated, aqueous-salt solutions as relative-humidity 
buffers was used to make deuterated analogs of roze-
nite and szomolnokite.  Figure 3 shows a set of Ra-
man, mid-IR, and NIR spectra of deuterated 
melanterite, in comparison with those of melanterite 

Spectral peak assignments for fundamental vi-
bration of H2O and D2O: A systematic peak posi-
tion shift upon deuteration can be seen in every fun-
damental vibrational mode of the water molecule: ν1, 
Raman active OH stretching; ν2 ,H2O bending ; ν3, 
IR active OH stretching., and L, low energy lattice 
modes.  These assignments derived from the basic 
literature [11, 12] are shown in Figure 1. Also shown 
in Figure 1 are the assignments for the water combi-

nation and overtone bands in the NIR based upon the 
assignments for gaseous H2O [12] By analogy and 
with literature assignments, these same bands are 
assigned in the spectrum of liquid D2O. Green arrows 
in the Figure 1 clearly show the isotopic shift of a 
band arising from the H-D substitution. 

Spectral peak assignments for overtone and 
combinational modes: We are currently in the proc-
ess of sorting out the detailed NIR vibrational band 
assignments for the epsomite and melanterite, and 
their deuterated analogs, and also comparing our data 
with that of Chio et al. [13] on the hydrates and 
deuterates of FeSO4 The fundamental modes of the 
(SO4)2- in the Raman and mid-IR region are easily 
recognized as those modes were less affected by the 
D-H substitution. The majority of the vibrational 
bands in NIR region >3000 cm-1, by analogy with 
the pure water spectrum, are derived from overtones 
and combination modes of structural waters. While 
the combination band, ν1+ν3 of the sulfate ion is 
readily seen in 3000 to 2000 cm-1 NIR diffuse re-
flectance spectrum (not shown, [14]). The vibrational 
modes above 3000 cm-1, appear to be dominated 
almost completely by the overtone and combination 
bands of structural waters.  The crystallographic en-
vironment of a structural water in the salt lattice can 
be detected in the details of the NIR diffuse reflec-
tance overtones and combination bands of the water 
molecules. We are currently studying these spectra in 
more careful details to determine if any of the bands 
in the NIR diffuse reflectance spectra can be assigned 
unambiguously to combination modes arising from a 
mix of the fundamental modes of the water of crys-
tallization and the modes of (SO4)2- tetrahedron.  
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