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Introduction:  The first navigation camera images 

received from Opportunity showed that the rover 

landed on a low albedo surface material superposed on 

an eroded, light-toned and layered rock [1]. Further 

analysis demonstrated that the rocks were sedimentary 

and the hematite detected by remote sensing was asso-

ciated with a lag deposit of hematitic granules released 

during the physical breakdown of the light-toned bed-

rock enriched in sulfates. Geochemical models indicate 

that the mineralogy inferred for Meridiani outcrop 

rocks compares closely with that expected during the 

evaporative evolution of waters formed during sulfuric 

acid weathering of olivine basalt [2]. Other formation 

processes that have been proposed to explain the pres-

ence of sulfates in the outcrops include deposition of 

volcanic ash followed by reaction with condensed SO2 

and H2O from fumaroles [3] and deposition from a 

ground hugging turbulent flow of rocks and ices pro-

duced by meteorite impact [4].  

Although numerous ground and orbital data sets 

over the study area have been analyzed, several key 

questions relevant to better constraining the origin of 

the sedimentary rocks in Sinus Meridiani (mapped as 

the unit E) and to placing the rocks at the Opportunity 

site into regional context have not been addressed until 

now. How in detail is mineralogical composition corre-

lated with geologic units? What is the surface minera-

logical composition of the etched terrains? Are key 

minerals such as phyllosilicates present in the study 

area? Is the surface composition of the whole etched 

terrains consistent with the formation of the outcrops 

observed at Opportunity as an evaporite brine?  

This paper focuses on a spectroscopic study from 

remote sensing observations done by OMEGA and 

CRISM.  

 

Mineralogy from MEx/OMEGA:  Terra Merid-

iani is one of a few regions where the 1.9 µm band has 

been detected by OMEGA, and is evident on map at 

the planetary scale [5,6]. The boundaries of the hy-

drated mineral-rich zones are abrupt and well corre-

lated with unit E (Fig. 1). Nevertheless, there are varia-

tions in the degree of the band depth inside the unit E 

since the index values range from 0 and 0.06. The 

spectral feature at 1.9 µm is common to many water-

bearing minerals such as hydrated sulfates, hydrous 

hydroxides and certain phyllosilicates. We confirm the 

presence of sulfates in the west-northern part that is 

discussed in detail in [7,8]. However, most of the 

etched terrains do not show M-OH band typical of 

phyllosilicates or vibrational modes diagnostic of hy-

drous sulfates. A few ferric sulfates (especially, ama-

rantite, Fe3+SO4OH•3H2O and schwertmannite, 

Fe3+16O16(OH)12(SO4)2•nH2O) can be considered 

as a possible candidate because the spectra of these 

water-bearing mineral has a 1.9 µm feature without 

other features (Fig. 2). In contrast, the Mg-, Al-, Ca-, 

K-bearing and Fe-free sulfates as well as the Fe3+ with 

additional cation-bearing sulfates exhibit numerous 

other spectral features in the 1.7-2.5 µm range that do 

not match the spectra of the etched terrains [9]. 

 
Fig. 1: Map of the 1.9 µm band depth (from 2% to 

6%) indicator of the presence of water-bearing miner-

als over most of the etched terrains of Terra Meridiani 

(mapped as the unit E). 

 

The spectral shape and the 1.9 µm band of the 

etched terrains are also well reproduced by some hy-

droxides (lepidocrocite, ferrihydrite) and/or a mixture 

of these minerals (Fig. 2), whereas different minerals 

such as goethite, gibbsite, limonite can be ruled out. A 

unique identification is difficult because the end-

members of its mineral class are numerous and spec-

trally similar. 
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Fig. 2: Examples of OMEGA spectra extracted 

from the unit E and compared to different laboratory 

spectra of hydroxides and ferric sulfates. The spectra 

(solid lines) are ratioed to a reference taken in the 

same OMEGA cube. The lack of the spectral features 

except for a 1.9 µm band is typical of the spectra of the 

unit E. 

 

Small occurrences of phyllosilicates-rich terrains 

have been detected (Fig. 3). At a detection limit of 2% 

of band depth, phyllosilicates are present in two small 

areas, inside a crater centered at 3.65°N, 0.9°W and a 

region inside the unit E located at 1.5°N, 3.5°E (Fig. 

3). Small occurrences scattered along the unit E, espe-

cially in the eastern part are also reported. However, 

both the values of the parameter are very close to the 

detection limit and the scattered spatial distribution 

character makes uncertain the detection. Inspection of 

individual spectra confirms that all the features typical 

of the Fe/Mg-rich phyllosilicates can be reliably de-

tected. 

 
Fig. 3: Map of the 2.3 µm spectral index showing 

the distribution of the Fe/Mg-OH phyllosilicates. The 

two black squares show the two spots where the detec-

tion is reliable. The white cross shows the location of 

the opportunity landing site. 

 

 
Fig. 4: Same as Fig.1 but with red boxes that local-

ize  the CRISM high-resolution images. 

 

Mineralogy from MRO/CRISM:  At the time of 

the writing, several high-resolution CRISM images 

were obtained covering a large diversity of terrains in 

Terra Meridiani from deposits in craters (HRL434E, 

FRT410F, FRT3E24) to the typical etched terrains 

(HRL4007, HRS42AB, HRS35B5) (Fig. 4).   

Hydrated minerals characterized by a 1.9 µm have 

been identified on all the CRISM cubes except for 

HRS434E and FRT3E24. The spectral characteristics 

are very similar to those exhibited by the OMEGA 

spectra: a 1.9 µm band, sometimes broad, associated to 

a reddening in the 1.0-1.4 µm wavelength range. This 

strong rise is best explained by the presence of a poorly 

crystalline ferric component. As discussed in the previ-

ous section, both ferric hydroxides (ferrihydrite, lepi-

docrocite) and ferric sulfates (amarantite, schwertman-

nite) are good candidates to explain the CRISM spec-

tral properties.  

Of special interest is the confirmation of the identi-

fication of Fe/Mg-rich phyllosilicates in the crater lo-

cated at 3.65°N, 0.9°W (Figures 6 and 7). 

Surprisingly, even the high-spatial resolution 

CRISM images do not show evidence of spectral diver-

sity in the etched terrains except for a variation of the 

1.9 µm band depth and shape. 

 

Summary of the mineralogy derived from 

OMEGA and CRISM: Both OMEGA and CRISM 

indicate the presence of hydrated minerals (likely hy-

drous ferric sulfates and/or hydrous hydroxides) asso-

ciated with poorly ferric crystalline phases in the north 

and east of the hematite-bearing plains where erosion 

has exposed ~1 km of section of layered outcrops with 

high thermal inertias. The lack of any signature other 
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than H2O over large parts of the unit E that are not 

covered by basaltic soil and hematite lag is rather sur-

prising.  

 

 
Fig. 5: a) Infrared-color composite HRS4007_7 

showing the eched terrains. The entire scene (except 

fot the dark spots) is covered by hydrated minerals, 

whose typical spectra are shown in b). The 1.9 µm 

band varies from pixel to pixel, but no other feature 

typical of sulfates or phyllosilicates is found.   

 
Fig. 6: Map of the 2.3 µm band from FRT410F_7 

CRISM cube overlains on the OMEGA map of the 1.9 

µm and 2.3 µm maps. 

Jarosite, the only sulfate mineral unambiguously 

identified on the outcrops by the MER experiments 

should be easily detected in the NIR range if present in 

sufficient abundance. This mineral is characterized by 

narrow absorptions at ~1.47 and ~1.85 µm and by a 

2.27 µm doublet that were not observed in the 

OMEGA spectra. Even higher spatial resolution hyper-

spectral CRISM data do not show the presence of this 

mineral. The spectral measurements done by [9] on a 

laboratory mixture of jarosite with 10% of goethite and 

hematite indicate that the spectral features of the 

jarosite mineral are still present although less pro-

nounced.  

 
Fig. 7: Example of a CRISM ratioed spectrum from 

the phyllosilicate-bearing terrain shown in Fig. 6. Ab-

sorptions at 1.4 µm, 1.9 µm and 2.3 µm are consistent  

with the Fe/Mg-bearing phyllosilicates. 

 

If ferric or ferrous sulfates in addition to schwert-

mannite or amarantite are present, three effects could 

be proposed to explain their lack of signature: poorly 

crystalline nature that could make difficult the charac-

terization of the material, complexity of the mixture, or 

loss of water molecules that gives rise to structural 

breakdown of the unit cells. The poorly crystalline 

structure of the unit E material is clear as discussed 

previously. The identification could be also compli-

cated by the fact that numerous intermediate phases of 

poorly ordered iron oxides and/or oxyhydroxy-sulfates 

can be formed in aqueous systems [10]. These phases 

are obviously not well characterized in the NIR. Alter-

natively, [11] have demonstrated that only small tem-

perature excursions of a few tens of degrees above the 

ambient temperature can destroy hydrated iron sulfates 

and, consequently, their spectral signatures. After a 

long time exposure of the late Noachian etched terrains 

to the present dry Martian conditions, a dehydration of 

the upper surface layer is likely.  

 

Implications for formation of the etched ter-

rains: 
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The apparent absence of phyllosilicate deposits 

over Meridiani Planum has been advanced to refute the 

formation of sulfate-rich outcrops by [1,2] and to pro-

pose an alternative scenario of formation by impact 

surge that would not form phyllosilicates [4]. The phyl-

losilicate detections reported in our work are therefore 

not consistent with the impact surge scenario. The min-

eralogy derived from the OMEGA and CRISM obser-

vations has also implications regarding the formation 

of the outcrops as proposed by [3]. Their model min-

eral assemblage includes components of quartz, alunite 

and diapsore. Although the quartz is spectrally neutral 

in the NIR range and could be end-member not identi-

fied by near-infrared hyspectral data, alunite and dias-

pore would have been definitively identified in the 

etched terrains by very strong features in the 1-2.5 µm 

region. Thus we do not see the assemblage of minerals 

predicted in their paper. 

The observations of strong ferric features in the en-

tire unit E support that the iron present in outcrop min-

erals is ferric, indicating oxidizing conditions during 

their formation. Similar conclusions based on the Op-

portunity results have been derived [12,2] and directly 

measured by the MER Mössbauer spectrometer [13]. 

The mineralogy deduced from the analysis of the 

MER-B experiment indicates that the rover studied a 

specific zone where the acidic conditions have been 

preserved. Where exposed by wind erosion to the north 

of the hematite-bearing plains the ~1 km of strati-

graphic section has spectrally varying signatures, in-

cluding minor phyllosilicate occurrences, hydrated 

sulphate occurrences and hydrated iron oxides over 

most of the etched terrains. This variety suggests that 

the upper section examined by Opportunity may not be 

representative of the ~1 km in thickness of etched ter-

rain strata. Based on the OMEGA and CRISM obser-

vations, there are several indications that the solutions 

from which most of the etched terrains were formed 

had a larger pH:  

- the lack of observable Mg-Ca-bearing sulfates and 

jarosite deposits. 

- the lack of siliclastic residual plains over most of 

the unit E implying a stronger weathering. 

- the presence of the Fe-bearing minerals under the 

form of ferric sulfate complexes associated to hydrox-

ides over most of the etched terrains. 

- The occurrence of phyllosilicate-bearing deposits. 

We propose that the oxidative weathering of iron sul-

fide-bearing rocks through successive rises of ground-

water table occurred is the leading candidate process 

for formation of the outcrops as detailed below. 

 

The essential attributes of the hydrated etched ter-

rains that must be explained by any depositional model 

are: a very large sedimentary deposit (~1 km thickness, 

several hundred thousand square kilometers based on 

partially eroded layered deposits observed beyond the 

opportunity landing site), mineralogy of the low-pH 

sulfate deposit of Meridiani Planum, mineralogy of the 

more-neutral materials constituting most of the unit E, 

the sandstones properties of the Meridiani outcrop 

rocks that could be likely generalized to the entire 

etched terrains given their similar thermophysical 

properties. On Earth, the ferric sulfates can have sev-

eral origins [6]: (1) oxidative weathering of iron sul-

fide-bearing rocks in hydrothermal or magmatic ore 

deposits; (2) sulfuric acid alteration of basalts by solu-

tions associated with SO2-rich volcanic gases in cal-

dera lakes, hot springs, and cinder cones; (3) acid-fog 

weathering of basaltic materials, (4) evaporation of 

acidic solutions.  

Among the best terrestrial analogues for explaining 

the mineralogy and the extent of the unit E are acid 

sulfate systems commonly associated with sulfide-

bearing rocks oxidation (origin 1). The Rio Tinto sys-

tem provides a good analog where evaporation of the 

river water and ground water drives precipitation of 

copiaipite, coquimbite, jarosite, schwertmannite, and 

hydroxides and a depletion of siliclastic materials. Us-

ing the Rio Tinto analogy for the Burns formation, the 

etched terrains could have precipitated from acidic 

solutions formed through release of groundwater water 

rich in aqueous sulfides. In this scenario, it is assumed 

that successive rises of groundwater table occurred as 

proposed by [14], and that the sulfur could come from 

sulfide-rich rocks associated with hydrothermal and 

magmatic ore deposits rather than extensive volcanism 

from Tharsis (and other) volcanoes. In deep-

weathering reactions, regional pyrite-rich deposits can 

be formed in the near-surface [15]. Then the chemical 

weathering process could occur as carefully described 

in Burns: pyrite and its host rocks were extensively 

oxidized and leached of soluble ions leaving behind 

poorly crystalline iron oxides and sulfates and a deple-

tion of other sulfates and basaltic materials. This could 

have been done in place with a thick section of sedi-

mentary sulfides. 
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