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Introduction:  One of the most conspicuous pieces 

of evidence for a shift in chemical conditions during 
the evolution of Meridiani Planum sediments is the 
oxidation state of Fe. Opportunity’s Mössbauer spec-
trometer has determined a disproportionate fraction of 
ferric iron (~90% Fe3+/FeT) present within virtually all 
analyses of outcrop material [1]. This result is interest-
ing because the sediments have originated from an 
altered basaltic source. Thus, a Fe2+-bearing basaltic 
material must be extensively oxidized to a Fe3+-
dominated sediment over the course of erosion, depo-
sition and diagenesis. 

The geochemical evolution of sediments at Merid-
iani can be divided into three stages: (1) chemical 
weathering, (2) evaporation, and (3) chemical 
diagenesis. Because sedimentary processing has ob-
scured the signatures of these processes, the pathways 
for Fe oxidation within the framework of this hy-
pothesis are numerous and complex. It is difficult to 
identify with confidence when the majority of Fe has 
oxidized. However, theoretical and experimental work 
involving the evaporation of fluids derived from 
basaltic weathering provides some constraints with 
which hypotheses can be formulated and tested [2]. 

Upon the evaporation of fluids derived from basal-
tic weathering, Fe2+, Fe3+ and mixed-valence Fe-
sulfates precipitate in abundance if the fluid is acidic 
enough for Fe to remain in solution. Melanterite 
(Fe2+SO4·7H2O), is a common salt that precipitates 
from waters where the aqueous Fe has not completely 
oxidized to Fe3+. Thus, during the formation of sedi-
ments at Meridiani, if evaporating waters retain some 
Fe2+, minerals such as melanterite are likely to be pre-
sent in the evaporite portion of the sediments. The ki-
netics of Fe2+ oxidation is an important consideration 
here, and most authors agree that O2 levels on ancient 
Mars were much less than those present on Mars today 
[3]. Additionally, for Meridiani Planum, acidic pH 
compounds the process and results in exceedingly 
slow Fe2+ oxidation rates. The presence of siderite in 
some SNCs supports this conclusion [4]. 

In this study, we investigate the fate of melanterite 
during chemical diagenesis, where time and slowly 
increasing O2 levels may have driven oxidative reac-
tions. This hypothesis builds on that proposed by [5] 
and [2], who suggested the oxidation of Fe2+-bearing 
sulfate salts may have been an efficient means to pro-
duce jarosite and goethite during groundwater-
mediated diagenesis at Meridiani Planum. 

 Methods:  In this study, a series of experiments 
was conducted to investigate the oxidation processes 
of melanterite under high ionic strength conditions (I = 
12 molal). McLennan et al. [5] discuss the preservation 
of primary sedimentary textures at Meridiani after 
groundwater diagenesis and note that the diagenetic 
fluid must have been close to, or at saturation with 

respect to Mg-sulfate to largely preserve original de-
positional textures in evaporitic sediments dominated 
by Mg-sulfate. Thus, all experiments described here 
were conducted in Mg-sulfate (epsomite) saturated 
fluids. 

   Fig. 1: Effect of melanterite addition on solution pH. 

Each experiment consisted of 500 mL of epsomite-
saturated solution in glass beakers continuously stirred 
and kept at 25oC. Various amounts of reagent-grade 
FeSO4·7H2O were added to stirred beakers (1 g/L, 10 
g/L and 400 g/L) and covered, but allowed contact 
with ambient atmosphere. The quantity of melanterite 
added simulates the proportion of melanterite present 
in sedimentary material interacting with a diagenetic 
fluid. Over the course of the experiments, pH was 
monitored with a combination gel electrode and con-
tinuously recorded with data logging devices. Fluid 
samples were periodically collected that contained 
suspended precipitate. Each sample was centrifuged at 
10,000 rpm at 25oC for 40 minutes to isolate sub-µm 
sized particulate and ensure the solution was free of 
solid before analysis. Solids were extracted and ana-
lyzed before and after washing with de-ionized water 
(to remove residual Mg-sulfate). The supernatant was 
analyzed for Fe2+, FeT (with Fe3+ calculated by differ-
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ence), SO4T, Eh, and Mg. Solids were analyzed with 
XRD, Mössbauer spectroscopy, FT-IR spectroscopy, 
and SEM-EDS. Experiments were allowed to run for 
approximately 1-2 months. 

Results: Upon addition of melanterite to epsomite-
saturated solution, the pH immediately drops to a value 
that is controlled by the amount of melanterite added 
per volume of solution. Fig. 1 depicts the initial 12 

hours of three different levels of melanterite addition. 
At high levels of melanterite addition, the pH de-
creases rapidly to 3.5. The initial pH drop in solution is 
caused by the hydrolysis of Fe2+, because samples ana-
lyzed immediately contained Fe3+ below detection lev-
els. Over the remainder of the experiments, Fe2+ oxi-
dizes by atmospheric oxygen to Fe3+. The hydrolysis 
of the Fe3+ ion produces additional acid and forces the 
pH to continue to drop at a slow, but constant rate. 
This process is efficient in producing acid - after 30 
days, the pH of the 400 g/L experiment decreased 
steadily to a minimum value of 2.2. 

Orange to yellow-orange precipitates were ob-
served in all experiments after 24 hours. The mineral-
ogy of the precipitates is dictated by the pH at which 
Fe2+ oxidation begins, which itself is determined by 
the amount of melanterite added.  

After 7 days in the 400 g/L experiment, schwert-
mannite was the only precipitate identified by XRD 
and Mössbauer (Fig. 2). However, after 14 days, crys-

talline jarosite was identified. The jarosite was com-
posed of the K-H3O end members, with K being re-
leased into the experiment from the pH electrode fill 
solution. Interestingly, after 77 days schwertmannite 
was no longer detected and the precipitate was com-
posed of a sub-equal amount of jarosite and nano-
phase goethite. Figure 2 depicts the mineralogical evo-
lution of this experiment in XRD data. 

A mineralogical trend was delineated with experi-
ments using less melanterite. With less melanterite and 
higher resulting pH values for initial Fe-oxidation, a 
larger proportion of goethite to schwertmannite and 
jarosite were observed.  

Conclusions: Fe2+-bearing sulfate phases are ex-
pected to form in some abundance as a component of 
martian evaporite mineral assemblages. The potential 
for a host of acid-generating processes and ultimate 
conversion to (hydr)oxide and (hydroxy)sulfate miner-
als of poor crystallinity has interesting implications for 
diagenesis at Meridiani and the secondary mineralogy 
of the martian surface.  
     The results described here show that the oxidation 
of melanterite during groundwater-mediated diagene-
sis at Meridiani could account for jarosite and the 
Fe3D3 component present in the outcrop. Ageing of 
the nanocrystalline goethite formed by this process is 
one pathway to the formation of hematite, yet the mor-
phology of the concretions must be accounted for in 
such a process. 
     Perhaps of broader significance, substantial acid 
generation at the near surface resulting simply between 
the interaction of liquid water and Fe-bearing sulfate 
minerals (ferrous or ferric) is likely in this system. If 
the process is widespread across the martian surface, 
then the need for significant volcanic exhalations as a 
source of acidity becomes much less. An important 
source of acid to the surface would result simply from 
aqueous interactions of Fe in its Fe2+ and Fe3+ oxida-
tion states. The high-resolution spectroscopic data re-
turned from Mars Express and MRO may shed light on 
the origin of poorly crystalline Fe-oxide minerals 
through geologic associations between Fe-oxides and 
sulfate minerals. Indeed, results from the OMEGA 
spectrometer show a correlation between Fe-oxide 
minerals and sulfate deposits. These hypotheses may 
be tested in greater detail with results from the 
CHRISM instrument as well as future landed missions, 
such as Phoenix and MSL. 

Fig. 2: Mineral products from a 400 g/L experiment. 
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