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Introduction:  The discovery of ferric hydrox-

ides/oxyhydroxides, jarosites (iron-bearing sulfates 
thought to have formed via aqueous activity) and other 
sulfate-bearing minerals in the Meridiani region pro-
vides strong evidence that liquid water once flowed on 
the Martian surface [1-3]. It is suggested that sulfate 
deposits enriched in iron and mixed iron oxy-
hydroxide were precipitated form meltwaters [4],  
thought to have been acidic. 

Terrestrial acidic and sulfate-rich sites such as Rio 
Tinto and El Jaroso in Spain, Iron Mountain in Cali-
fornia, and some lakes in Western Australia are excep-
tional sites for the study of acidic waters, its associated 
precipitates and efflorescent salts, and sulfate-forming 
processes in general in which the presence of microor-
ganisms may be required. The characterization of the 
hydrogeochemistry of these sites is crucial in order to 
describe all of the different processes and settings of 
iron and sulfate deposition on Earth. Further, as these 
localities host mineralogical signals detected on Meri-
diani and other sites on Mars, the comparison may 
help to understand how these minerals formed. It is 
crucial then to characterize the range of environmental 
stability for each of these mineral, i.e., to classify the 
minerals as a function of their precipitation order, or 
increasing solubility in a given aqueous system. The 
reverse application of those precipitation models to the 
current Martian iron sulfate mineral phases will help 
obtaining a complete picture of the acidic waters that 
once flooded the planet’s surface via describing phase 
relations in those waters. 

In this work we show the investigations on synthet-
ic acidic aqueous systems that mimic the conditions of 
the natural waters of the Rio Tinto Mars analog site. 
The physico-chemistry of two synthetic systems of 
special relevance: iron(II) sulfate- sulfuric acid-water, 
and iron(III)-sulfuric acid-water, is reported. Addition-
ally, we investigated the mass transport properties of a 
third system, sulfuric acid-water. These systems are 
non-ideal multicomponent liquid mixtures whose 
structure is not known, mainly because there exists a 
large uncertainty in the available data for the activity 
coefficients in multicomponent systems. Techniques 
based on spectroscopy do allow the direct determina-
tion of the mole fractions of all components in a mix-
ture. We have developed a procedure for the mea-
surement of the physico-chemical properties of these 
systems using Raman spectroscopy. 

Raman spectroscopy: The wavelength of a small 
portion of the light scattered from a sample is shifted 
from the wavelength of the incident light. Furthermore, 
this shift in wavelength depends only on the chemical 
bonding responsible of the scattering. Molecular vibra-
tions of a huge number of complexes are determined 
by specific wavelengths in the Raman spectra. So, in 
principle, a single Raman spectrum of a sample –
which does not have to prepared or damaged- can re-
veal the molecular structure of it. Chemical composi-
tion and abundance of species may also be retrieved 
from a Raman spectrum upon certain processing.  

Results: Accurate quantitative analyses of concen-
trations of species present in the system iron(II) sul-
fate-sulfuric acid-water have been achieved, along 
with the characterization of the equilibriums in this 
system in terms of the activity coefficients product. 
This is essential in order to establish physico-chemical 
models of acid sulfate waters as this particular system 
turns out to have a highly non-ideal behavior. Addi-
tionally, Raman spectroscopy has provided a means to 
corroborate previous findings on the formation of 
iron(II) hexahydrate complexes in the mentioned sys-
tem. The activity coefficients product (Fig. 1) has been 
calculated as a function of iron(II) sulfate concentra-
tion with iron concentrations exceeding Rio Tinto’s. 
The logarithmic relationship between the activity coef-
ficients product and the concentration of iron (II) sul-
fate found for this system gives an idea of the high 
non-ideality if this system, and allows to extrapolate 
values beyond the limits of salt concentrations used in 
this work.   
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 Fig. 1 Activity coefficients product, Kγ plotted against 
iron(II) sulfate concentration. Blue dots, experimental; red 
line, empirical function  
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The speciation in the iron (III)-sulfuric acid-water sys-
tem was monitored by Raman spectroscopy, revealing 
the existence of sulfate-iron(III) interactions in the 
Fe3+ inner sphere through oxygens from the sulfate 
units and in the outer sphere through hydrogen bonds.  

The Raman technique provides the accuracy and 
repeatability critical for this qualitative and quantita-
tive analysis. Particularly, molecular vibrations of 
iron(III) complexes are determined by specific wave-
lengths in the Raman spectra, and intensity and width 
changes of the Raman bands corresponding to iron(III) 
complexes molecular vibrations can be quantified very 
rapidly.  

Diffusion of the molecular species within the sys-
tem sulfuric acid-water has been monitored by Raman 
spectroscopy (Fig. 2), a thermodynamic-chemical 
model of the mass transport properties of the species 
has been established, and its parameters optimized. It 
has been shown that the non-ideality of this system 
plays a crucial role in its mass transport properties, 
which however have been explained in terms of a dif-
fusion model for the multicomponent system. In sum-
mary, the diffusion coefficients are not constant (cha-
racteristic of ideal systems) but are a function of the 
concentration of the species in solution. The model has 
been conceived in such a way that it can be adapted to 
any multicomponent mixture provided the equili-
briums among the ions are known. Raman spectrosco-
py may provide the means to derive the speciation and 
concentration of species in multicomponent systems, 
and thus the model-based measurement of the diffu-
sion properties using Raman is presented as a robust 
and accurate technique (Fig. 3). 

Conclusion and future work:  The results pre-
sented are just the first stage of the knowledge and 
advances in the modeling of the aqueous processes in 
acidic environments, such as those envisaged for early 
Mars, that can achieved by means of Raman spectros-
copic investigations on acid mine drainage-related 
aqueous systems. 

We are currently developing a experimental device 
that mimic the geometrical and thermal constrains of 
some of the ponds and springs more frequently found 
in the Rio Tinto acid sulfate area (Fig. 4). The con-
trolled environment will allow for investigating the 
sequential evaporation-deposition processes related to 
acidic waters through in-line Raman spectroscopy of 
the mineral phases and liquor. From comparison of 
derived models for synthetic and natural precipitation 
of sulfate minerals within acid mine drainage and acid 
mine drainage-like aqueous solutions, information on 
the occurrence of mineral phases and their main fea-
tures may be obtained and correlated with the aqueous 

systems, pressure, temperature, and biological activity 
(if present) conditions. 
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Fig. 2 Raman spectra recorded at t = 213 h and variable 
heights. The spectra have been normalized to the intensity of 
935 cm-1 band (perchlorate band for internal reference) 

Fig. 3 Experimentally and model-based derived 
concentrations of sulfate and bisulfate ions concentrations as 
functions of time and height in the diffusion experiment 
 

Fig. 4 Simulation of temperature distribution within the 
evaporation-precipitation device 
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