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Abstract 

Analyses of Mars Express OMEGA hyperspectral data (0.4-2.7 Jim) for Terra Meridiani and western Arabia Terra show that the northern 
mantled cratered terrains are covered by dust that is spectrally dominated by nanophase ferric oxides. Dark aeolian dunes inside craters and 
dark streaks extending from the dunes into the intercrater areas in mantled cratered terrains in western Arabia Terra have similar pyroxene-rich 
signatures demonstrating that the dunes supply dark basaltic material to create dark streaks. The dissected cratered terrains to the south of the 
mantled terrains are dominated spectrally by both low-calcium and high-calcium pyroxenes with abundances of 20-30% each retrieved from 
nonlinear radiative transfer modeling. Spectra over the hematite-bearing plains in Meridiani Planum are characterized by very weak but unique 
spectral features attributed to a mixture of a dark and featureless component (possibly gray hematite) and minor olivine in some locations. Hydrated 
minerals (likely hydrous ferric sulfates and/or hydrous hydroxides) associated with poorly feme crystalline phases are found in the etched terrains 
to the north and east of the hematite-bearing plains where erosion has exposed ~1 km of section of layered outcrops with high thermal inertias. 
These materials are also found in numerous craters in the northern Terra Meridiani and may represent outliers of the etched terrain materials. 
A few localized spots within the etched terrain also exhibit the spectral signature of Fe-rich phyllosilicates. The ensemble of observations show 
that the evidence for aqueous processes detected by the Opportunity Rover in Meridiani Planum is widespread and confirms the extended presence 
of surface or near-surface water over this large region of Mars. The scenarios of formation of Terra Meridiani ("dirty" acidic evaporite, impact 
surge or weathering of volcanic ash) cannot satisfactorily explain the mineralogy derived from the OMEGA observations. The formation of the 
etched terrains is consistent with leaching of iron sulfides and formation of sulfates and hydrated iron oxides, either in-place or via transport and 
evaporation of aqueous fluids and under aqueous conditions less acidic than inferred from rocks examined by Opportunity. 
© 2007 Elsevier Inc. All rights reserved. 
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1. Introduction etched terrains as mapped by Hynek et al. (2002) and Arvidson 

et al. (2003). The study area straddles the prime meridian from 
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Fig. 1. Color-coded shaded relief from MOLA data from 0 to •3 km of the 
study area. The boundaries of the geologic units are shown (Arvidson et al., 
2003): E = etched unit, Ph = hematite-bearing plains, MCT = mantled cratered 
terrains, DCT = dissected cratered terrains, P = plain unit. 

units: (1) Noachian cratered terrains, referred to as Dissected 
Cratered Terrain (DCT) unit because of extensive dissection by 
channel systems, (2) hematite-bearing plains unit (referred to 
as unit Ph, for Plains Hematite identified by the MGS/Thermal 
Emission Spectrometer; Christensen et al., 2000, 2001); the 
northwestern edge of the Ph unit was mapped by Arvidson et 
al. (2003) as a plains unit, called unit P, although additional 
mapping by us in this paper shows that it is in fact the DCT 
unit, (3) a thick stack (~1 km) of layered light-toned deposits 
called Etched terrains (termed unit E by Hynek et al., 2002) 
directly beneath the Ph unit and deposited onto the unit DCT; 
the unit E terrains are inferred to have significant proportions 
of rocks because high thermal inertias (Arvidson et al., 2003; 
Hynek, 2004); and (4) towards the north, the three units are cov- 
ered by a mantle that was mapped as Mantled Cratered Terrain 
(MCT) unit. 

The MCT unit represents a part of the heavily cratered ter- 
rain of Arabia Terra where light-toned layers can be traced 
(Edgett and Parker, 1997; Edgett, 2002). Many craters in this 
area have wind-eroded, horizontally bedded deposits on their 
floor (Edgett, 2002). These layered outcrops are most common 
and more extensive in craters closest to Terra Meridiani. Several 
origins have been proposed for the deposits in Arabia Terra, in- 
cluding paleopolar, volcaniclastic, eolian, and subaqueous sed- 
imentary processes (Scott and Tanaka, 1986; Schultz and Lutz, 
1988; Edgett and Parker, 1997; Chapman and Tanaka, 2002; 
Hynek et al., 2002; Edgett and Malin, 2002). This region also 
exhibits numerous dark streaks originating from barchan dune 
fields in craters, with an uncertain source material (Edgett, 
2002). 

The study area includes the Opportunity Mars Exploration 
Rover landing site in Meridiani Planum (MER-B) located near 
1.94° S, 5.56° W in the Ph unit. The first navigation cam- 
era images received from Opportunity showed that the rover 
landed on low albedo surface material superposed on an eroded, 
light-toned and layered rock (Squyres et al., 2004). Further 
analysis demonstrated that the rocks were sedimentary and 
the hematite detected by remote sensing was associated with 
a lag deposit of hematitic granules released during the physi- 
cal breakdown of the light-toned bedrock, which is enriched in 
sulfates. Geochemical models indicate that the mineralogy in- 
ferred for Meridiani outcrop rocks compares closely with that 
expected during the evaporative evolution of waters formed 
during sulfuric acid weathering of olivine basalt (Squyres and 
Knoll, 2005). Other formation processes that have been pro- 
posed to explain the presence of sulfates in the outcrops include 
deposition of volcanic ash followed by reaction with condensed 
SO2 and H2O from fumaroles (McCollom and Hynek, 2005) 
and deposition from a ground hugging turbulent flow of rocks 
and ices produced by meteorite impact (Knauth et al., 2005). It 
has been also argued that the outcrops are the upper layers of 
unit E (Hynek, 2004; Arvidson et al., 2006). So far, the rover 
team has used Opportunity to explore several meters of strati- 
graphic section exposed in the walls of the Eagle, Endurance, 
Erebus, and Victoria craters. Compared to sedimentary rock ex- 
posures located elsewhere in the Terra Meridiani region, the 
outcrops explored by the rover cover a very small area, typi- 
cally too small to resolve from orbit using the OMEGA instru- 
ment. 

A campaign of coordinated observations between Oppor- 
tunity and several orbiters was conducted over the past three 
years. Recent analysis of observations acquired by the Mars 
Express OMEGA instrument indicate that the rover traverse re- 
gions are dominated by pyroxene, plagioclase feldspar, gray 
hematite, and dust, consistent with Pancam, Mini-TES, and 
Mössbauer observations, although olivine detected in basaltic 
soil by Mössbauer (Morris et al., 2006) was not evident in 
OMEGA spectra (Arvidson et al., 2006). OMEGA data cov- 
ering the etched terrains not visited by Opportunity show 
enhanced water bands at ~1.9 |jm (Gendrin et al., 2005) 
and, in some localities, evidence for the presence of kieserite 
(MgS04-H20) and polyhydrated magnesium sulfate minerals 
(Arvidson et al., 2005; Griffes et al., 2007). From the com- 
bined analysis of observations from OMEGA and Opportu- 
nity, Arvidson et al. (2006) proposed the following scenario 
for formation of the Meridiani regional deposits: "The most 
plausible regional-scale is one in which the water table rose rel- 
ative to the dissected cratered terrain surfaces, resulting from 
tectonic subsidence and/or enhanced recharge of the cratered 
terrain highlands to the southwest... Sulfur and other volatile 
species were introduced to the hydrologie system as a conse- 
quence of extensive volcanism from Tharsis (and other) vol- 
canoes and/or by weathering of pre-existing sulfur-bearing de- 
posits and would have produced an acid sulfate groundwater 
system." 

Although numerous ground and orbital data sets over the 
study area have been analyzed, several key questions relevant 
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Table 1 
Spectral parameters used in this study for mapping the minerals. R(k) is the reflectance at the wavelength À (|jm). The parameterization and the detection threshold 
are discussed in Poulet et al. (2007) and in Section 2.1 

Name Formulation Detection 
threshold 

Rationale 

Pyroxene 

Olivine 

0.55 pm band depth or Fe "*" 

0.97/0.80 ratio 

1.35/1.0 slope 

1.9 |jm band depth 

2.30 (jm band depth 

1 - (R(2.15) + R(2.22))/(R(1.81) + R(2.49)) 0.01 

(0.5*R(1.69) + 0.5*R(1.70))/(0.1*R(1.01) + 0.1*R(1.21)+ 1.02 
0.4*R(1.36) + 0.4*ß(1.50)) 
l-ß(0.55)/(0.5*R(0.44) + 0.5*R(0.65)) O 

R(0.97)/R(0.80) 1 

(ß(1.34) + R(1.36))/(R(1.00) + ß(l.Ol)) 1.10 

1 - ß(l.93)/(0.5*R(l.83) + 0.5*R(2.12)) 0.02 

1 - R(2.30)/(0.25*R(2.26) + 0.25*ß(2.27) + 0.5*R(2.34)) 0.02 

2 |jm band due to both low-calcium and 
high-calcium pyroxene 
1 |jm band due to olivine 

Ferric minerals and oxidation state 

Nanophase ferric oxides 

Poorly crystalline ferric phases 

Water-bearing minerals 

Metal-OH feature indicator of Fe/Mg-rich clays 

to better understanding the origin of the sedimentary rocks in 
Terra Meridiani and Arabia Terra and placing the rocks at the 
Opportunity site into regional context have not been addressed 
until now. How is the surface mineralogical composition cor- 
related with the geologic units? Is the surface composition 
uniform inside a given unit? Are key minerals such as phyl- 
losilicates present in the study area? What are the relationships 
between the deposits identified in the craters of Arabia Terra 
and the layered material detected over Terra Meridiani? Is there 
a compositional connection between dark streaks and layered 
units found within the craters? Is the surface composition of the 
etched terrains consistent with the formation of the outcrops ob- 
served at Opportunity as an evaporite brine? Is the mineralogy 
of the entire region consistent with the scenario of formation 
proposed by Arvidson et al. (2006)? 

This paper focuses on a spectroscopic study from remote 
sensing observations acquired by OMEGA. In order to address 
the posed questions, the mineralogical composition and cor- 
relations with géomorphologie and stratigraphie properties at 
different scales are emphasized. 

2. Methodology 

2.1. Spectral parameters 

We analyze the OMEGA visible to near-infrared (VNIR) 
reflectance spectra (0.4 to 2.5 micrometers) using orbital data 
sets through orbit 1999 (January 2004 to October 2005 or 
¿s = 330°-300°). The orbits cover most of the study area at 
different spatial resolutions (~350 m to 2 km) depending on 
spacecraft altitude. Data were limited to spectra that do not ex- 
hibit aerosol water ice absorption bands. In addition, a number 
of quality parameters in the OMEGA database were used to 
eliminate anomalous data, including non nadir-pointing obser- 
vations, saturated data, and spectra containing spurious values. 
Bibring et al. (2004) describe details of the instrument, and 
Poulet et al. (2007) discuss data reduction procedures. Langevin 
et al. (2007) investigated the signal to noise ratio of the instru- 
ment: it exceeds 50 for most of the C channel and part of the 
visible channel and can reach values of several hundreds for the 
C channel depending on albedo and illumination conditions. 

To map surface mineralogy, a series of spectral criteria were 
developed in Poulet et al. (2007) to cover a broad range of ma- 
terials: band depth of the 2 |jm pyroxene feature, band depth of 
the 0.53 |jm ferric absorption feature, a nanophase ferric oxide 
spectral criterion based on the ratio of the reflectance at 0.97 
and 0.8 |jm, an olivine index based on the 1 |jm band, and band 
depth at 1.9 |jm indicative of the presence of H20-bearing min- 
erals. These parameters have been carefully described in terms 
of parameterization and detection thresholds in Poulet et al. 
(2007). Two additional spectral indexes related to the identifi- 
cation of ferric components and phyllosilicates were developed 
and used in this paper. We next review some of these parameters 
and all summarize them in Table 1. 

(a) The identification of olivine from the OMEGA spectra is 
based on the increase of the reflectance in the 1.1-1.7 |im 
range, which results from overlapping absorptions centered 
near 1 |jm. As presented in Poulet et al. (2007), two spec- 
tral parameters can be used: one is sensitive to the forsterite 
end-member, and the other is sensitive to fayalite end- 
member and/or with larger grain size. In this paper the 
olivine distribution was mapped using the second criterion, 
which is less affected by false positives. 

(b) The spectra of many ferric minerals are characterized by: 
(i) an absorption edge between 0.4 and ~0.75 |jm with an 
inflection or "kink" near 0.55 ¡im, (ii) a shallow absorp- 
tion band, normally visible as a shoulder, between ~0.6 
and ~0.75 ¡im, (iii) a reflectance maximum at ~0.75 |jm, 
and (iiii) an absorption band centered at ~0.85 to 0.95 |jm 
giving a rise in reflectance up to ~ 1.3-1.4 |jm. Three of 
these spectral signatures are used to narrow the mineralog- 
ical composition of the ferric components as follows: 
(bl) Band depth at 0.55 (im (also called Fe^"*" parameter), 

which is related to the strength of the ferric absorption 
edge, and a plot of this criterion against many labora- 
tory samples can be found in Morris et al. (2000). 

(b2) Ratio of reflectance at 0.97 ¡am relative to the value 
at 0.8 (im. Most ferric weathering products are char- 
acterized by band with a minimum centered between 
0.80 and 1.0 ¡im with a depth that depends on the 
crystallinity and with a position that varies with the 
mineralogical composition (Morris et al., 1989, 1997, 
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Fig. 2. Values of the 1.35/1.0 slope parameter for a set of hematite sam- 
ples of different grain sizes (from Morris et al., 1989). AU the samples are 
red in the NIR as can be noted by the values larger than 1. The values are 
maximal for the fine-grained (smaller than a few |jm), bright red hematite 
sample (samples HMS3, HMSIO, HMS12, HMS13, HMS14, and HMS15, in 
lozenge). By contrast, the particulate samples (10-90, 90-500, 500-1000 pm) 
of hematite samples HMMG1, HMIR2 and WD039 (in lozenge) are grayer in 
color with values close to 1 for the largest grain size samples. For comparison, 
nanophase hematite samples (samples S6FN1-6, S15FN1-5, S30FN1-5, type D 
and S6FN25, type S -|- D) plot in a region of intermediate values. 

2000). Unfortunately, the OMEGA visible channel 
does not have a good enough signal to noise in the 
0.8-1.0 \un interval to discriminate between the dif- 
ferent ferric minerals (Bellucci et al., 2006). The 
magnitude of the slope from 0.8 to ~1 |jm is still 
useful in characterizing the ferric phase because it 
is highly dependent on the crystallinity of the fer- 
ric phases (Morris et al., 1989). For hematite, the 
0.97/0.80 reflectance ratio is the strongest for grain 
sizes between several hundreds of nanometers and 
several tens of micrometers and becomes shallow for 
larger grain sizes. In specular hematite, the band is 
shallow but still present (Lane et al., 2002). For grain 
sizes smaller than a few tens of nanometers (the so- 
called nanophase ferric oxides) spectra exhibit a dis- 
tinct convex shape between 0.8 and 1.0 pm. As a 
test, the 0.97/0.8 pm spectral parameter has been cal- 
culated for the laboratory samples of hematite parti- 
cles smaller than 10 nm (samples S6FN-type D from 
Morris et al., 1989) and typical values ranged between 
1.0 and 1.05 were obtained. Values close to or slightly 
larger than 1 can indicate the presence of nanophase 
ferric oxides. 

(b3) Ratio of reflectance at 1.35 verses 1.0 pm, which 
provides information about the iron content and the 
degree of crystallinity of ferric phases (Morris et al., 
1989). The ratio is maximal for poorly crystalline 
mineral (grain size smaller than 1 pm in the case of 
hematite for instance) as shown in Fig. 2. This pa- 
rameter is therefore used to map this unique spectral 
characteristic, whose origin will be discussed depend- 
ing on the presence or not of a 0.9 pm band. By 
taking a detection threshold larger than 1.1, the mar- 
tian bright regions that exhibit the typical nanophase 
ferric oxides signatures are not mapped because 
they have values of about 1.0-1.05. In Bibring et 

al. (2007), this spectral parameter was also used to 
map the ferric oxides at a planetary scale and the 
results were consistent with two other mapping meth- 
ods (Modiñed Gaussian Model and linear unmix- 
ing). 

(c) The presence of water molecules in surface materials is 
inferred using the ~1.9 pm band depth. This feature re- 
sults from a combination of fundamental vibrations of H2O 
molecule (V2 + v^)- The 1.9 pm band has been detected 
by OMEGA in very few places (Bibring et al., 2005), usu- 
ally in association with a sharp cation-OH band in phyl- 
losilicates or water in sulfate lattices (Bibring et al., 2005; 
Poulet et al., 2005; Gendrin et al., 2005). The 1.9 pm 
band is interpreted as indicative of the presence of hydrated 
phases such as hydrated phyllosilicates, hydrated sulfates, 
and hydrous hydroxides. We note that some phyllosilicates 
[e.g., kaolinite Al2SÍ205(OH)4] are not hydrated and nei- 
ther are simple oxyhydroxides (e.g., goethite FeOOH) be- 
cause they do not contain H2O molecules. Some sulfates 
(e.g., kieserite, romerite), are excluded in this mapping be- 
cause the hydration band of these minerals is shifted to 
longer wavelengths (Cloutis et al., 2006). Other minerals 
such as szomolnokite, coquimbite, mirabilite also exhibit a 
broad absorption band near 2.1 pm (McCord et al., 2001; 
Cloutis et al., 2006) which can nevertheless contribute to 
mapping of the 1.9 pm band. 

(d) In order to look for phases having M-OH (M = Fe and 
Mg) bands, a spectral index using the absorption band cen- 
tered near 2.30 pm was defined (Table 1). This spectral 
feature, if present along with a the 1.9 pm band, is at- 
tributed to Fe/Mg-rich phyllosilicates (Clark et al., 1990; 
Bishop et al., 2002; Poulet et al., 2005). A threshold of 0.02 
is used in order to be significantly above instrumental noise 
that is around 1.5%. Visual inspection of individual spec- 
tra from different regions was always done to confirm that 
the spectral signature of the cation-OH feature can be reli- 
ably detected under a wide range of observing conditions 
(solar illumination, atmospheric dust opacity, state of the 
instrument, etc.) when the index is >0.02. 

Spectral parameters have not been developed for impor- 
tant minerals such as gray hematite and feldspar, because they 
are spectrally featureless in the OMEGA wavelength range. 
However, their presence influences both the continuum and 
the overall reflectance magnitude, as well as shapes and band 
depths for other minerals, so that a nonlinear spectral unmixing 
method as described below and careful spectral signature analy- 
ses provide constraints on their presence and relative abun- 
dances. 

2.2. Nonlinear spectral modeling 

One of the significant challenges for the use of reflectance 
spectroscopy for retrieving mineral composition and abundance 
is quantifying the relationships between the band depth of spec- 
tral features and mineral abundances and mineral grain sizes. 
In this work, we use the approach adopted by Shkuratov et al. 
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(1999). This approach is based on a geometrical optics approx- 
imation, as is the more familiar Hapke model (1981), and is 
used to transform optical constants and grain size information 
into a reflectance spectrum for a particulate material. Poulet et 
al. (2002) showed its degree of realism and efficiency relative 
to other scattering models (e.g., the Hapke model and its deriv- 
atives). The model has been also tested to determine the type of 
mixture (sand, areal, or bedrock), the relative proportions, and 
the grain sizes of components of laboratory mineral samples 
(Poulet and Erard, 2004), as well as applied to spectra of several 
planetary surfaces (Poulet and Cuzzi, 2002; Poulet et al., 2002, 
2003; Arvidson et al., 2006). For each spectrum the model must 
satisfy two major constraints: the depth and the shape of the 
absorption(s) band(s) and the average value of the reflectance. 
One additional free parameter was used to modestly adjust the 
continuum spectral slope resulting from aerosols and/or photo- 
metric effects. The data were fit using a simplex minimization 
algorithm (Neider and Mead, 1965). 

Although nonlinear modeling of OMEGA reflectance spec- 
tra is a powerful way to explore data sets, the method has 
limitations. First, the set of optical constants used as end- 
members must be representative of materials that are under 
study. Because we will apply the method to low albedo re- 
gions that are dominated by basaltic materials, the minerals 
used in this paper are a low-calcium pyroxene (pigeonite: RE- 
LAB sample PP-EAC-042) a high-calcium pyroxene (diopside: 
RELAB sample PP-CMP-027), a Fe-rich olivine [fayalite; col- 
lected by G. Bonello (personal communication)], a Mg-rich 
olivine (forsterite: RELAB sample PO-CMP-032), a feldspar 
(labradorite: SPECLIB sample ts02b), and a dark oxide (mag- 
netite: USGS sample HS78). The optical constants were de- 
rived using the scheme described in Poulet and Erard (2004) 
from reflectance spectra and detailed again in Arvidson et al. 
(2006). Second, the end-members must be spectrally distinct 
in order to recover the proper mineral abundances and min- 
eral grain sizes. Feldspars are spectrally featureless in the NIR, 
so that the spectral modeling can lead to non-unique solutions 
for grain size and abundances of this component. Because the 
observations of the martian surface by MGS-TES have demon- 
strated that the plagioclase is a major component of low albedo 
regions (Bandfield, 2002), this component is included as an 
end-member. Third, the spectral modeling is highly nonlinear 
and uses radiative transfer calculations that are very time con- 
suming. Consequently, this procedure is restricted to analysis 
of selected spectra. 

3. Regional surface mineralogy 

3.1. Mafic mineral mapping and nonlinear unmixing 

3.1.1. Pyroxene 
A map of the pyroxene index is given in Fig. 3. The spatial 

distribution is well correlated with low albedo regions (namely 
the unit DCT) the eastern part of the P unit (now believed by 
us to be dominantly DCT), and most of the dark deposits in- 
side and outside (dark streaks) craters in Arabia Terra. It is 
interesting to note that for a given dark streak, the pyroxene 

signature is higher in the interior of the crater than in the dark 
streak and it is not found over the entire streak. The dark streak 
emanating from the crater at 7° N, 6.9° E is a good example, 
where no pyroxene is mapped over a part of the dark streak 
(Fig. 4). Based on a set of synthetic spectra, we investigated the 
detection threshold for the pyroxene spectral index in term of 
abundance, and we found that a pyroxene concentration of 5% 
or more with grain size of 100 |jm intimately mixed with dust 
would be detected. Low albedo regions of Mars usually exhibit 
pyroxene signatures (Poulet et al., 2007). Given the very low 
albedo of the Ph unit, we expected to identify pyroxene with 
OMEGA. However, only a few areas of the unit Ph show posi- 
tive pyroxene detection. 

Our mineral nonlinear unmixing model has been applied to 
two spots selected because of their high pyroxene band depths: 
8.52° E, 4.35° S and 359.11° E, 2.44° N. The surface spec- 
tra and best fit models are compared in Fig. 5, and the derived 
grain size and mineral abundances are given in Table 2. The fits 
are rather good with Residual Mean Squared lower than 0.002 
(Table 2), indicating that no spectrally important component is 
missing. The primary mineral is plagioclase, although the abun- 
dance is uncertain for this component by at least 10% based on 
previous experience (e.g., Poulet et al., 2002, 2003). Increas- 
ing the grain size could be compensated by a decrease of the 
abundance of plagioclase, testimony to the lack of uniqueness 
of the models resulting from the spectrally flat nature of the 
data. Both High-Calcium Pyroxene (HCP) and Low-Calcium 
Pyroxene (LCP) are required to fit the surface composition 
of the DCT terrains. The model fit became highly degraded 
(Fig. 5) when low-calcium pyroxene was removed as a com- 
ponent, demonstrating the sensitivity of the model to the min- 
eral. The identification of LCP over the DCT unit is in good 
agreement with the first OMEGA results on the spatial distri- 
bution of LCP, which show that it is preferentially found in 
the ancient Noachian-aged units (Mustard et al., 2005). The 
grain sizes derived for the pyroxene components (50-500 (im) 
are in the range of the sand-size particles. The derived sur- 
face properties are therefore in favor of a surface covered by 
basaltic sands. This is consistent with many eolian features 
(dunes) visible on MOC images, which reveals mobile mate- 
rial by wind. 

Finally, we note that olivine is not required to model the 
DCT spectra. The detection limit of olivine in the OMEGA 
spectra was studied in Poulet et al. (2007). An olivine concen- 
tration of 5% or more with grain size of 100 |jm would give 
a fairly straightforward detection. By contrast, olivine with a 
grain size of 10 ¡im is not detectable below concentration of 
15%. Therefore, the presence of olivine at a low concentration 
(less than 15%) cannot be excluded in the DCT unit. We remark 
that the derived composition is very different from that obtained 
from the modeling of TES spectra (Arvidson et al., 2003). In 
particular, the large amount of alteration products found (phyl- 
losilicates as much as 25%) is not consistent with the results 
of our analyses. Our retrieved mineralogy is more consistent 
with the latest TES-based analysis of the DCT surface min- 
eral composition done by Rogers and Christensen (2007). In 
particular, they found no evidence of alteration product such 
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Fig. 3. Pyroxene index over the OMEGA map of the albedo at 1.08 |jm with a range from black (10%) to light gray (45%). The color bar gives the values of the 
pyroxene spectral parameter (Table 1). Pixels with values below the detection limit (0%) are not plotted. The white asterisk indicates the location of the Opportunity 
landing site. 

Fig. 4. Zoom of the pyroxene map over a dark streak emanating from the crater located at 7° N, 6.9° E. The gray scale corresponds to the albedo at 1.08 pm with a 
range from black (10%) to light gray (45%). 

as phyllosilicates, and a mineral abundance of 22% for HCP. from OMEGA). A careful comparison between OMEGA and 
They also report the presence of LCP but at a lower concentra- TES results for the low albedo regions of Mars is in prepara- 
tion than OMEGA (a few percents in comparison to 20-30%       tion. 
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Fig. 5. Nonlinear unmixing models of two spectra extracted from the DCT 
unit. Upper: the observed spectrum (solid line) of the first spot is compared 
to two models: the best fit model (dashed line) and one model excluding the 
low-calcium pyroxene (dotted line). Lower: the observed spectrum (solid line) 
of the second spot is compared to its best model. The end-members and their 
corresponding size and abundance are listed in Table 2. 

3.1.2. Olivine mapping 
As shown in Fig. 6, the Ph unit shows a positive detec- 

tion for ohvine, with index values as high as 1.05, i.e. shghtly 
above the detection hmit set up at 1.02 discussed in Poulet 
et al. (2007). The olivine-rich unit (2-3° S, 356-358° E) cor- 

relates well with the zone where the highest concentration of 
hematite was found (yellow-red zone of Plate 2 in Christensen 
et al., 2001). A deeper examination of the spectral properties 
is done by comparing the spectrum to an olivine-free terrain 
(Fig. 7). The ratio spectrum exhibits a strong rise up to 1.7- 
1.8 |jm and the absence of a flat bottom, which can be best 
explained by the presence of iron-rich olivine with a fine-grain 
size (< 10 |jm). Both the albedo and the thermal inertia of this 
olivine-rich zone are lower than those of the plains traversed by 
Opportunity (Christensen et al., 2005). 

OMEGA observations of the Opportunity landing site did 
not show spectral evidence for olivine (Arvidson et al., 2006), 
even though this mineral was clearly identified in Opportunity 
Mössbauer (Klingelhöfer et al., 2004; Morris et al., 2006) and 
Mini-TES (Christensen et al., 2004) data in the basaltic sands 
that cover the traverse sites. Arvidson et al. (2006) have noted 
that the non-identification of olivine over the landing site by 
OMEGA could be best explained by the specific backscattering 
properties of the olivine relative to other minerals and/or by 
preferential weathering of olivine surfaces. 

3.2. Ferric phases mapping 

Fig. 8 shows the diversity of the ferric band in the visible 
range and the Fe^"*" index map is presented in Fig. 9. Note 
that the mapping shows some variations from orbit to orbit 
resulting from the atmospheric variations. This effect is ex- 
pected because the strongest contribution of aerosols in terms 
of spectral signatures and quantitative effects occurs in the vis- 
ible range. The lowest values of the Fe^+ index (about 8-10%) 
are found over the unit Ph, especially over the region where 
olivine and gray hematite have been detected by this work and 
Christensen et al. (2001). More specifically, the spectrum in the 
0.5-0.8 |jm region over the hematite-rich plain is characterized 
by the smallest Fe^"*" band depth observed thus far at these spa- 
tial resolutions on Mars. This characteristic is unique on Mars 
and strongly suggests the presence of a dark and featureless 
component. Coarse-grained hematite (>1 mm) that is gray in 
the visible (Lane et al., 2002) can explain the flat shape. The 
Fe^"*" index calculated over the landing site area is about 20% 

Table 2 
Modal mineralogy for a nonlinear unmixing model of two regions located in DCT unit (see Section 3.1.1) 

Spot 1 (4.35° S, 8.52° E) 

Grain size (|jm) 
Abundance (vol%) 

Grain size (|jm) 
Abundance (vol%) 

Spot 2 (2.44° N, 359.11° E), RMS = 0.0018 

Grain size (|jm) 
Abundance (vol%) 

Model 1: Parameters free, RMS = 0.0011 
Diopside Pigeonite 
450 20 
30 30 

Model 2: Pigeonite abundance forced to be zero, RMS = 0.0028 
Diopside Pigeonite 
50 
30 0 

Diopside 
300 
30 

Pigeonite 
50 
20 

Plagioclase 
100 
36 

Plagioclase 
100 
65 

Plagioclase 
10 
45 

Magnetite^ 

4 

Magnetite^ 

5 

Magnetite^ 

5 

" Magnetite is included as small inclusions smaller than the wavelength. 
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Fig. 6. Olivine index over the OMEGA map of the albedo at 1.08 |jm with a 
range from black (10%) to light gray (45%). The color bar gives the values of 
the olivine spectral parameter (Table 1). Pixels with values below the detection 
limit (1.02) are not plotted. The white asterisk indicates the location of the 
Opportunity landing site. 

larger than the lowest values found in the Ph unit. This obser- 
vation coupled with the higher albedo at the landing site is best 
explained by a larger coverage of ferric dust. The unit MCT (ex- 
cept for the dark streaks) exhibits the highest values (between 
25 to 35% of band depth). Intermediate values are found in the 
units E and DCT. 

The values of the Fe^+ index can be used to constrain the 
mineralogy of the ferric phases (Morris et al., 2000). The ob- 
served positive ferric absorption is not consistent with the sul- 
fate jarosite, because the band depth calculated from laboratory 
spectra indicates a parameter value of <0. The values shown 
in Fig. 9 range between 0 and 0.3 can be assigned to a variety 
of Fe^^-bearing minerals. Because increasing the band depth 
at 0.53 |jm is a measure of increasing contribution of ferric ox- 
ides, the trend observed over the study area can be interpreted 
as a dominance by weakly altered basaltic materials for the low 
albedo unit Ph to basaltic sands with surface dusted with or 
coated by ferric-rich soil for the unit DCT to a ferric-rich sur- 
face for the unit MCT. 

Mapping of the 0.97/0.8 ratio reveals regions with values 
close to or larger than 1, concentrated over bright regions 
and the MCT unit (red and white areas in Fig. 10). These 
values indicate the lack of NIR absorption (see spectra in 
Fig. 12), corresponding to the lack of a well-crystalline ferric 
mineral. The values of the Fe^+ and 0.97/0.80 spectral pa- 
rameters exhibited by the unit MCT are consistent with the 
presence of a nanophase oxide (hereafter npOx) component, 
similar to what it is observed globally over bright regions of 
Mars. Note that the 0.97/0.8 (im ratio is much lower than 1 
over the units Ph and DCT, which can be explained by the 
presence of ferrous minerals such as olivine and pyroxene for 
the hematite-bearing plains and pyroxene for the DCT ter- 
rains. 

0.25 

0.20 
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Fig. 7. Identification of olivine in the unit Ph. Upper: one olivine-rich spec- 
trum (solid line) extracted from the Ph unit with a large value of the olivine 
index (Fig. 6) is compared to a olivine-free spectrum (dashed line). The spectra 
are corrected by the cosines of the incidence angles. Lower: ratio of the spec- 
tra and comparison with laboratory spectra of iron-rich olivine (red line) and 
Mg-rich olivine (yellow line) with grain size smaller than 45 pm. Olivine can 
best explain the strong increase in the 1.0-1.7 pm wavelength region. 

Mapping of the 1.35/1.00 slope spectral parameter (Fig. 11) 
shows the index is larger than the detection threshold primarily 
for the unit E. The strong rise between 1 and 1.35 |jm observed 
in the spectra of the etched terrains (Fig. 12) coupled with a 
deep 0.9 |jm band in the visible part implies the presence of 
a crystalline ferric component as supported by numerous lab- 
oratory spectra published by Morris et al. (1989, 2000). Small 
patches are also mapped outside the unit E in some areas in the 
unit Ph and in some craters in the north of the unit E. By con- 
trast, the lack of both a strong rise in the NIR and a 0.9 (im band 
in the spectrum of the bright unit MCT is in good agreement 
with a spectral dominance by nanophase ferric oxides (Figs. 10 
and 12). Such spectral characteristics are common to most of 
the bright regions of Mars (Morris et al., 1997). 

3.3. Hydrated minerals identification and mapping 

3.3.1. Mineral identification 
Terra Meridiani is one of a few regions where the 1.9 (im 

band has been detected on OMEGA-based maps at the plane- 
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tary scale (Poulet et al., 2007). The boundaries of the hydrated 
mineral-rich zones are abrupt and well correlated with unit E 
(Fig. 13). There are variations in the degree of the band depth 
inside the unit E, with index values ranging from 0 and 0.06. 
For instance, the northern and western parts of the unit E do 
not show evidence for hydration. We remark that these terrains 
have higher albedos and lower thermal inertias than the eastern 
part of the E terrains (Hynek, 2004). This suggests that the ex- 
tent of hydration is related to the degree of induration and/or 
the rock abundance. Alternatively, it is possible that the spec- 
tral signature is being masked in high albedo low inertia areas 
because of a dust cover. 
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Fig. 8. Examples of spectra for each unit showing the spectral diversity in the 
visible range. Black dashed and solid lines: unit MCT. Red dashed and solid 
lines: unit ET. Blue solid line: unit Ph. Absorption in the 0.4-0.6 pm is char- 
acteristic of the Fe "*" signature measured by the 0.53 pm band depth. These 3 
regions are spectrally pretty uniform in this wavelength range and the spectra 
have been selected to represent the diversity in term of albedo. Note that the 
S/N exceeds 50 in most part of the wavelength region. 

Several occurrences of an enhanced 1.9 |Jin feature are also 
found inside craters located at the north of the unit E. A map 
of the 1.9 |jm index for data from orbits at two different spa- 
tial resolutions (orbit 485, width swath of 128 pixels, Lg = 44° 
and orbit 1084, width swath of 16 pixels, Ls = 118°) is given in 
Fig. 14. It is apparent from this map that the hydrated mineral 
index successfully detected hydrated mineral on the two orbits. 
This consistency provides confidence that the 1.9 (im index is 
a reliable indicator and that equivalent concentrations of rela- 
tively dust-free hydrated minerals do not exist elsewhere in the 
region except for the regions showing positive detection. 

As noted in Section 2.1, the spectral feature at 1.9 ¡im is 
common to many water-bearing minerals such as hydrated sul- 
fates, hydrous hydroxides and certain phyllosilicates. In some 
parts of the study area, this feature has been attributed to some 
Mg-bearing polyhydrated sulfates because a 2.4 |jm feature 
is also present (Gendrin et al., 2005). The 1.9 (im criterion 
does not map the mono-hydrated sulfates (like the mineral 
kieserite) that were identified and mapped by their 2.1 and 
2.4 (im bands (Arvidson et al., 2005, 2006; Gendrin et al., 2005; 
Griffes et al., 2007). These sulfate-rich terrains are located in 
the lower etched plains materials of the northern portion of 
Meridiani Planum (0° to 2° W and 1° to 2° N). We do not map 
them because they have been carefully studied in Griffes et al. 
(2007); for comparison with other regions, examples of spectra 
extracted from this region are however presented in Fig. 15 to 
show their distinctive nature. 

A major question is whether or not phyllosilicate miner- 
als can be detected within the study area. We use the 2.3 (im 
spectral criterion defined for mapping Fe/Mg-rich phyllosili- 
cates. At a detection limit of 2% band depth, phyllosilicates 
are present in only two small spots inside a crater centered 
at 3.65° N, 0.9° W and inside the unit E located at 1.5° N, 

,0.300 

.000 

Fig. 9. Map of the at 0.53 pm band depth indicative of the presence of Fe "*". The black asterisk indicates the location of the Opportunity landing site. 
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Fig. 10. Map of the nanophase oxide index. The stripes are instrumental artifacts due to a periodic noise (Bellucci et al., 2006). Colors that are above the scale are 

in white. 
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Fig. 11. Map of the spectral ratio 1.35/1.0 pm, indicator of the presence of poorly crystalline ferric minerals. 

3.5° E (Fig. 16). This index has been computed for several 
orbits that passed through the two spots of interest and the 
identification was positive on all orbits. Inspection of individ- 
ual spectra confirms that all the features typical of the Fe/Mg- 
rich phyllosilicates are reliably detected (Fig. 17). We note that 
the 2.3 |jm signature is significantly weaker than that found 

in the phyllosilicate-rich regions reported for other terrains on 
Mars (Poulet et al., 2005). Numerous factors can contribute 
to a weakening of this feature. In particular, a mixture with 
sulfates cannot be excluded because laboratory measurements 
done by Bishop et al. (1995) have shown that sulfate-bearing 
phyllosilicates can have spectral signatures similar to those of 
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pure phyllosilicates, but with weaker intensity. Small occur- 
rences scattered along the unit E, especially in the eastern part 
are also visible in Fig. 15. However, these detections are uncer- 
tain because the values of the parameter are very close to the 
detection limit and the spatial distribution is scattered. 

We note that there are sulfur-bearing species that are 
consistent with the spectral properties for unit E. Amaran- 
tite, Fe3+S040H-3H20 has a 1.9 (im feature, while show- 
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Fig. 12. Spectra shown in Fig. 8 in the 0.4-2.5 |jm wavelength interval. The 
unique spectral characteristics of the unit E (red dashed and solid lines, ET) are 
the band at 1.9 |jm, the strong red slope in the 1.0-1.4 pm range and a strong 
band around 0.9 |jm. The blue spectrum LS, extracted from the landing site area, 
has a very flat shape in the NIR range, indicating the presence of spectrally 
featureless component(s). The unit MCT (black solid and dashed lines) lacks 
of spectral signatures, especially for wavelength larger than 0.7 |jm, which is 
typical of the nanophase oxides (see text). Note that the stochastic S/N exceeds 
200 at 1.5 |jm for the spectra. 

ing a pronounced NIR red slope (Fig. 18). Schwertmannite 
[Fe^^Oi6(OH)i2(S04)2-MH20; Dyar et al., 2005] has a strong 
reddening in the 1.0-1.4 ¡im range and the 1.9 ¡im band (Bishop 
et al., 2005; Cloutis et al., 2006). In contrast, the Mg-, Al-, 
Ca-, K-bearing and Fe-free sulfates as well as the Fe^"*" with 
additional cation-bearing sulfates exhibit numerous other spec- 
tral features in the 1.7-2.5 |jm range that do not match the 
spectra of the etched terrains (Cloutis et al., 2006). There is 
the possibility that these bands are not detected because they 
are below the signal-to-noise resulting from low concentration. 
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Fig. 14. Comparison between the mappings of hydrated minerals using low 
spatial resolution (LR) data (blue symbols) and high spatial resolution (HR) 
data (cyan symbols). The HR track is centered at longitude 2.9° E. The pyrox- 
ene-rich terrains are outlined by yellow crosses. The mineral distributions are 
overlaid on a daytime THEMIS mosaic image. 

Fig. 13. Map of the 1.9 [jmbanddepthindicatorof the presence of water-bearing minerals. The white arrows show two areas of the unit E where no hydrated mineral 
is found. The white box indicates the region mapped in Fig. 19. 
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Fig. 15. Examples of spectra from the etched terrains. The instrumental error resulting from small time-dependent deviations from linearity is on the order of 1-2%. 
Upper: two spectra (solid lines, named northern Meridiani Planum) are extracted from the area (~2° N, ~1° E) located in the Northern Meridiani Planum where 
Mg-sulfates were previously mapped by Gendrin et al. (2005), Arvídson et al. (2005) and Griffes et al. (2007). The other one (named ET spectrum, coordinates 
1.7° N, 0° E) is extracted from outside this sulfate-rich region. A reference spectrum is also plotted in dotted line. Lower: the spectral ratios are compared to 
laboratory spectra of the mono-hydrated kieserite that exhibits a large 2.1 pm and to the polyhydrated sulfate romerite. Note that the spectral characteristics of the 
"ET" spectrum are not well described by the laboratory spectra of the sulfates. In particular, there is no well defined 2.4 |jm band due to the (SO4) stretch, making 
this spectrum similar to the spectra seen in most of the etched terrains (Fig. 18). 

From synthetic spectra simulating a mixture of a hydrated min- 
eral (gypsum) and martian dust, we investigated the detection 
threshold in terms of abundance with OMEGA (Poulet et al., 
2007). A mixture with a gypsum concentration slightly greater 
than 5% (resp. 10%) can be considered as a positive detec- 
tion assuming a gypsum grain size of 10 |jm (resp. 5 |jm). The 
analysis was based on the 1.9 |jm band, but a look of the syn- 
thetic spectra (Fig. 4 of Poulet et al., 2007) suggests that the 
2.4 (im band should roughly provide similar detection thresh- 
old on the abundance. Although this type of analysis should be 
performed on others minerals with other spectral parameters as 
well in order to set a limit on the abundance, this indicates that 
the minerals if present are likely a minor component (assuming 
similar assumptions on particle size and mixture). 

Spectral ratios extracted from the unit E have been also 
compared to different H2O- and/or OH-bearing ferric oxyhy- 
droxides (Fig. 18). The unit E spectral shape and 1.9 |jm band 
are well reproduced by lepidocrocite and ferrihydrite. A mix- 
ture of these minerals can be also considered. Note however 
that lepidocrocite should not have a 1.9 |jm band from H2O. 
Presumably, the 1.9 |jm results from H2O trapped during pre- 

cipitation of the mineral. Other oxyhydroxides/hydroxides such 
as goethite [FeOOH] and gibbsite [A1(0H)3] can be ruled out 
because these minerals do not have a 1.9 |jm band due to the 
water molecule and/or usually present strong OH signatures 
not identified in the OMEGA spectra. A unique identification is 
however difficult because the end-members of its mineral class 
are numerous and spectrally similar.' Finally, we note that there 
is also an indication of a shallow 2.3 (im band in one of two 
martian spectra shown in Fig. 18, but the reality of this band is 
called into question because the band depth is at the limit of the 
detection threshold of 2% defined in Section 2.1. 

There is an ambiguity in the interpretation directly derived from a spec- 
tral comparison from laboratory measurements. The formulae of most of the 
hydroxides do not contain H2O, although a strong 1.9 |jm band is very often 
present in the laboratory spectra. This band is attributed to the combination 
bend plus stretch modes in water at ~1.91 and ~1.95 mm. It is uncertain if the 
crystal structure of some natural samples of oxyhydroxides/hydroxides really 
contains water molecules or if the feature comes from ambient environmen- 
tal laboratory conditions and associated adsorbed and/or naturally occurring 
trapped water. 
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Fig. 16. Map of the 2.3 pm spectral index showing the distribution of the Fe/Mg-OH phyllosilicates. The gray scale corresponds to the albedo at 1.08 |jm with a 
range from black (10%) to light gray (45%). The color bar gives the values of the 2.3 |jm spectral index (Table 1). The two black squares show the two spots where 
the detections are reliable. 
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Fig. 17. Examples of a spectrum for a phyllosilicate-bearing terrain. (A) The spectrum has been extracted from the crater located at 3.65° N, 0.9° W, and ratioed 
to a reference spectrum of the same OMEGA cube. Absorptions at 1.4, 1.9 and 2.3 |jm are characteristics of the Fe/Mg-bearing phyllosilicates. Note however that 
the strength of these bands are relatively smaller than those observed in the spectra extracted from the phyllosilicates-rich terrains identified on Mars (Poulet et 
al., 2005). Different factors such as a larger contamination by other minerals could explain the weakness of the bands. (B) Same as upper figure but the spectrum 
has been extracted from a terrain of the unit E located at 1.60° N, 3.55° E. The ratioed spectrum is compared to two laboratory spectra of phyllosilicates (Fe-rich 
smectite in green, Mg-rich saponite in blue). Absorptions at 1.4, 1.9, 2.3 and 2.35 |jm are characteristics of the Fe/Mg-bearing phyllosilicates. 

A major spectral feature of the etched terrains is the pres- 
ence of a strong ferric signature in the 0.9-1.4 |jm wavelength 
region (see Section 3.2 and Fig. 12). A comparison of Figs. 11 
and 13 shows that the spatial distributions of the crystalline 
ferric feature and of the 1.9 (am band depth are rather well cor- 
related. At the OMEGA scale, mixture of different minerals is 
very likely. Thus the spectral characteristics of the unit E could 
be explained by a mixture of poorly crystalline ferric oxides 

and hydrated minerals such as sulfates whose spectral features 
could be masked by the ferric oxides. The physical setting of the 
minerals mixture could occur at small scale, possibly at micro- 
scopic scale. Moreover, the spectral features diagnostic of the 
sulfates can be affected even by a small amount (about 10%) of 
ferric oxides/or oxyhydroxides (Cloutis et al., 2006). Therefore 
a complex mixture of sulfates and iron oxides/oxyhydroxides 
in larger proportions, which could hide the spectral features at 
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Fig. 18. Examples of spectra extracted from the unit E. The spectra (continuous lines) are ratioed to a reference taken in the same OMEGA cube. The instrumental 
error resulting from small time-dependent deviations from linearity is on the order of 1-2%. Upper: the spectrum is compared to the ferric sulfates amarantite and 
schwertmannite, and the hydroxides ferrihydrite and lepidocrocite. The laboratory spectra provided by Brown University are scaled and shifted to facilitate the 
comparison with the OMEGA spectra. The lack of any spectral feature except for a 1.9 |jm band is typical of the spectra of the unit E. Lower: this second ET 
spectrum is compared to the spectra of amarantite, ferrihydrite and lepidocrocite. The vertical lines indicate the wavelength positions of the major absorptions of 
the hydrous sulfates and the phyllosilicates. Dashed line: H2O stretching overtones; dotted line: overtones of the 1)3 S-O asymmetric bend at 2.40 |jm; solid lines: 
Al-OH at 2.20 |jm and Fe/Mg-OH at 2.30 |jm. 

2.1 and 2.4 |jm specific of Mg-sulfates, cannot be totally ex- 
cluded. 

3.3.2. Correlations with thermophysical properties 
3.3.2.1. H20-bearing terrains In the previous section, we 
discussed that the 1.9 (im band depth was not uniform over 
the entire unit E. The region between 0°-1.7° S and 0.6°- 
3° E is an example of this variation, showing exposures of hy- 
drated mineral-rich terrains juxtaposed to non-hydrated terrains 
(Fig. 19). The boundary between the units E and DCT traverses 
the study area, and a better understanding of the surface com- 
position is obtained by mapping the pyroxene distribution. As 
expected, there is a clear correlation between unit DCT and the 
spatial distribution of pyroxene. A pyroxene occurrence cen- 
tered at 0.5° S-1.5° E is evident in the unit E, explaining lack of 
the hydrated minerals in this zone. This isolated pyroxene-rich 
deposit, which is located at lower altitude than the surrounding 
etched terrains could correspond to a window of the pyroxene- 
rich unit DCT. Conversely, a small deposit of hydrated minerals 
is seen inside the unit DCT at 1.4° S, 1.55° E. A comparison of 

the mineral distributions with the predawn THEMIS thermal IR 
map (roughly equivalent to the thermal inertia map) indicates a 
good correlation between high thermal inertia areas (white ar- 
eas) and hydrated terrains, and between intermediate thermal 
inertia (gray areas) and pyroxene-rich terrains. A third compo- 
nent in the THEMIS temperature map is defined by the dark 
areas, where the lowest temperatures are found. Because these 
areas also have a higher albedo (~0.3 at 1.5 |jm), we interpreted 
them as dustier and less-rocky surfaces. The boundaries of the 
mineral distributions follow the sharp thermal contacts between 
the E and DCT units, with thermal inertia increasing by sev- 
eral hundred units over less than a few kilometers as shown 
by Hynek (2004). Far from this region, another correlation be- 
tween band depth and thermal properties is found at the eastern 
part of the unit E ( 1 ° N, 7° E). This area, which has the strongest 
signature at 1.9 |jm, has some of the highest thermal inertias 
of the unit E (Hynek, 2004). All these observations imply that 
these minerals do not correspond to mobile, surficial deposits 
but occur within in-place rock exposures. 
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Fig. 19. Spectral diversity at the border of the unit E and the unit DCT (0°-1.7° S, 0.6°-3° E). The distributions of the pyroxene and the hydrated minerals are 
shown and compared to a nighttime THEMIS mosaic. The color scales are the same than those used for the regional mappings (Fig. 3 for the pyroxene and Fig. 13 
for the hydrated minerals). The boundaries between the etched terrains (unit E) and the dissected cratered terrains (DCT) are indicated on the two mineral maps. Also 
shown are locations of the two compositional anomalies and their corresponding thermal properties by arrows. The presence of the hydrated minerals is strongly 
correlated to the terrains exhibiting warmer nighttime temperature (equivalent to larger thermal inertia). 

Fig. 20. Location of the phyllosilicate-bearing terrains in crater located at 3.65° N, 0.9° W. The mapping of three indexes (pyroxene in yellow, 1.9 pm band in blue 
and 2.3 |jm band in red) are overlaid on a nighttime THEMIS mosaic. 

3.3.2.2. Phyllosilicate-rich terrains We now focus on phyl- 
losilicates occurrences. The deposit inside the crater centered at 
3.65° N, 0.9° W is actually composed of two separated zones 

(Fig. 20): one is close to the center of the crater and the sec- 
ond one goes from the crater floor up the southern rim. How- 
ever, the geomorphology and the thermal properties of these 
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Fig. 21. Geomorphic context of the second phyllosilicate-bearing spot. Visible THEMIS V16650014 image (centered at 1.55° N and 3.52° E) and a close-up that 
covers the spot centered at 1.60° N, 3.55° E is shown. The location of the visible THEMIS image is presented on a context view obtained from the THEMIS-derived 
thermal inertia map from Hynek (2004), where the unit E corresponds to the whitish areas. No difference in terms of geomorphology and thermal inertia between 
the phyllosilicate-rich terrains and the surrounding etched terrains is observed. 

terrains are not significantly distinct fi-om those of the surround- 
ing terrains. The second deposit occurs inside the unit E near 
1.55° N, 3.6° E with no distinct thermal properties (Fig. 21). 
THEMIS visible image data as well as MOC images (for in- 
stance MOC m2101171) reveal an etched surface with no layers 
and disturbed only by sub km-sized craters. In contrast to other 
phyllosilicates-bearing terrains detected by OMEGA (Poulet et 
al., 2005), no géomorphologie features distinct from the rest of 
the unit E were detected. 

4. Summary of the mineralogy and comparison witli 
previous worlts 

4.1. Terra Meridiani 

As noted in previous sections of this paper, mineral distrib- 
utions mapped from OMEGA data for the study area correlate 
well with geologic units and their thermophysical properties. 
The spectrally dominant minerals identified in the unit DCT are 
low-calcium and high-calcium pyroxenes and the spectra repre- 
sentative of the diversity of the pyroxene spectral index are well 
reproduced by a mixture of pyroxenes and feldspar as a neutral 
phase. The best picture of the surface of the unit DCT is a soil 
of basaltic composition with sand-sized particles (in the 10s to 
100s |jm). We interpret the nature of this soil as a result of the 
erosion resulting from meteoritic impacts and aeolian erosion 
of the Noachian terrains. 

The unit P is the only exception where no correlation be- 
tween the surface composition and the geologic boundaries 

exists. The surface composition of the center and of the east- 
ern part is similar to the pyroxene-rich DCT unit whereas the 
western part is more similar to the MCT unit. We thus assign 
the P unit to the DCT unit. The MCT unit is covered by dust 
whose spectral signature is dominated by nanophase ferric ox- 
ides. Such a composition is consistent with other parts of Arabia 
Terra (Poulet et al., 2007). This suggests that the unit MCT has 
the same origin as the overall Arabia Terra deposits as discussed 
in more detail in Section 4.2. 

The mantle MCT covers the northern part of the unit E. The 
exposures of the etched terrains that exhibit high thermal inertia 
are locations where we infer the presence of hydrated minerals. 
We confirm the presence of sulfates in the west-northern part 
based on previous work (Gendrin et al., 2005; Arvidson et al., 
2005; Griffes et al., 2007). Small occurrences of phyllosilicates- 
rich terrains are reported, but no geomorphic characteristics 
distinct from those of the surrounding terrains have been iden- 
tified. Although more work has to be done on this deposit to 
better understand its relationship with the other etched terrains, 
our observations suggest that the phyllosilicates may form from 
the same solution and during the same period as the other etched 
terrains. Poorly crystalline ferric components, which are iden- 
tified by a strong Fe-'"'" band in the 0.7-1.35 |jm region, cover 
almost the entire unit E. Ferric hydrous-oxyhydroxides, oxyhy- 
droxides and sulfates (ferrihydrite, lepidocrocite, schwertman- 
nite, amarantite) are possible candidates to explain the unique 
spectral properties. Interestingly, a Fe^^-bearing phase in addi- 
tion to jarosite and hematite has been proposed to explain the 
Mössbauer spectra of the outcrops (Klingelhöfer et al., 2004; 
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Morris et al., 2006) observed by Opportunity, and could be 
representative of the ferric minerals detected by OMEGA. In 
particular, ferrihydrite, lepidocrocite, schwertmannite and su- 
perparamagnetic hematite and goethite were proposed as pos- 
sibilities for the Fe^"*" signature (Morris et al., 2006). A micro- 
scopic mixture of poorly ferric oxides with other sulfates is also 
proposed in this paper, but such a composition has to be investi- 
gated further by laboratory VNIR spectroscopic measurements. 

The lack of any signature other than H2O over large parts 
of the unit E that are not covered by basaltic soil and hematite 
lag is rather surprising. Jarosite, the only sulfate mineral unam- 
biguously identified on the outcrops by the MER experiments 
should be easily detected in the NIR range if present in suf- 
ficient abundance. This mineral is characterized by narrow ab- 
sorptions at ~1.47 and ~1.85 |jm and by a 2.27 (im doublet that 
were not observed in the OMEGA spectra. The spectral mea- 
surements done by Cloutis et al. (2006) 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 pronounced. This remark raises a caveat in our analysis: the 
spectra of complex mixtures of materials with different mineral 
concentrations are not known as discussed below. 

If ferric or ferrous sulfates, in addition to the possible pres- 
ence of schwertmannite or amarantite are present, three effects 
could be proposed to explain the absence of their spectral sig- 
natures: poorly crystalline nature, complexity of the mixture, or 
loss of water molecules that gives rise to structural breakdown 
of the unit cells near the surface of the deposits. The poorly 
crystalline structure of the unit E material is clear as discussed 
in Section 3.2. It is well known from numerous spectroscopic 
studies that decreases in particle size of a weak absorber causes 
the absorptions to weaken as volume scattering plays a dimin- 
ishing role relative to first surface interactions (e.g.. Cooper and 
Mustard, 1999). The identification could be also complicated by 
the fact that numerous intermediate phases of poorly ordered 
iron oxides, oxyhydroxides, and/or oxyhydroxy-sulfates can 
be formed in aqueous systems depending on the OH/Fe ratio 
(Schwertmann et al., 1999). These phases are not well identified 
in the NIR. Alternatively, Hasenmueller and Bish (2005) have 
demonstrated that only small temperature excursions of a few 
tens of degrees above the ambient temperature can destroy hy- 
drated iron sulfates and, consequently, their spectral signatures. 
A dehydration of the upper surface layer of the Late Noachian 
unit E may have also occurred under long time exposure to the 
present dry martian conditions. In any case, more laboratory 
measurements are needed to test the spectral responses of these 
effects. 

Although the Ph unit lacks strong mineral signatures, care- 
ful analysis and comparison with other spectral units indicate 
the presence of olivine and a small amount of pyroxene in some 
areas. Moreover, one of the flattest slopes in the VNIR wave- 
length range seen on Mars strongly suggests the presence of 
coarse grains of oxide (likely spectrally featureless crystalline 
gray hematite as reported by Christensen et al., 2000). The com- 
parison of the mapping of the ferric component reported in 
our study with the gray (specular) hematite spatial distribution 
generated by TES observations reveals important differences. 

because the two wavelength regions are differentially affected 
by texture, coatings, and particle size. Thermal infrared mea- 
surements are well suited for detection of a broad range of 
silicate, including phases that are spectrally neutral in the NIR 
(e.g. feldspar). Conversely, the thermal infrared is not sensi- 
tive to poorly crystalline ferric oxides/oxyhydroxides or even 
well-crystalline ferric oxides/oxyhydroxides with submicrome- 
ter or smaller grain sizes, which explains the non-identification 
of these components over the etched terrains. Finally, hydrated 
sulfate minerals have not been detected from martian orbit over 
the landing site or over the unit Ph at levels above the detection 
limit defined in this study. This results from the fact that the 
surface fraction of the sulfate-bearing outcrops visible in the 
hematite-bearing plains is very small relative to the hundreds 
meters size of OMEGA pixels (Arvidson et al., 2006) and/or 
that the surface has been altered to remove the signatures rela- 
tive to the rock volumes. 

4.2. Western Arabia Terra 

The mantle of dust that contains nanophase ferric oxides that 
dominates the spectra of the unit MCT in the northern Meridi- 
ani continues towards western Arabia Terra. This composition 
is the same as found in other martian bright regions, suggesting 
a similar origin. The nanophase ferric oxides on Earth are com- 
monly produced from hydrolytic alteration, as in palagonitic 
tephra (e.g., Morris et al., 2000). Perhaps aqueous alteration 
occurred in the past and the water has been removed by ag- 
ing processes resulting from a long exposure to the dry and low 
pressure martian atmosphere and to the UV irradiation. Alterna- 
tively, it has been proposed that the anhydrous nanophase ferric 
oxides correspond to a gas/surface weathering process without 
liquid water involved (Bibring et al., 2007). This product could 
likely be mobile ("dust"). 

Interpretations of the Arabia Terra deposits are multiple 
and include eolian dust mantles (Scott and Tanaka, 1986; 
Moore, 1990), pyroclastic ash (Moore, 1990), paleopolar de- 
posits (Schultz and Lutz, 1988), and subaqueous deposits 
(Edgett and Parker, 1997). More recently, it has been proposed 
that the Arabia deposits may represent relict dust and ice sed- 
iments (Tanaka, 2000). By using the Mars general circulation 
model (MGCM), Newman et al. (2005) provided a new view of 
the dust activity during martian history. Their MGCM simula- 
tions predict an accumulation of dust on the Arabia regions in 
the case where Mars is at high obliquities (>35°). The origin of 
the mantle seems therefore to be fully consistent with an eolian 
dust deposition. 

As noted previously in this paper numerous dark streaks in 
the MCT unit are enriched in pyroxene relative to surround- 
ing bright surfaces. The low albedo deposits (dunes in most 
cases: Edgett, 2002) inside the craters from which the dark 
streaks emanate are enriched in pyroxene. This similarity in 
mineral composition indicates that the dark dunes directly sup- 
ply sediment to create the streaks that are dark material on top 
of brighter material. Moreover, the decrease of the band depth 
from the interiors to the dark streaks can be interpreted either 
as a grain size effect, with the streaks consisting of grains finer 
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Fig. 22. Crater interiors in souttiwestem Arabia Terra ttiat exliibit liydrated minerals deposits (yellow squares). 

Fig. 23. OMEGA distribution of the pyroxene and hydrated minerals showing the identification of hydrated deposits in craters. Base map is a mosaic of THEMIS 
images. For reference, the crater are numerated. 

than those that comprise the dunes and/or a decreasing relative 
abundance of pyroxene possibly due to a larger dust contribu- 
tion. 

Of special interest is the detection of hydrated terrains in- 
side craters of Arabia Terra. Fig. 22 provides a regional view 
of the hydrated deposits detected inside craters. The spectral 
characteristics are the same than those found over most of the 
etched terrains: a 1.9 ¡im band associated with a significant 
red slope between 1 and 1.35 ¡im. In general, the hydrated 
deposits are spatially well separated from the pyroxene-rich re- 
gions (Fig. 23). Both the morphology and the thermophysical 
properties of these hydrated terrains inside craters favor a close 
relationship with the hydrated etched terrains of the unit E. 

MOC images, where available, reveal that the hydrated deposits 
are strongly eroded and expose light-toned material similar to 
what is found in the unit E. Fig. 24 shows that these interior de- 
posits also have higher nighttime temperatures than surround- 
ing surfaces. Finally, the absolute elevation of the bottom of the 
hydrated deposits in craters is between •2000 and •1000 m, 
with a rough decrease from east to west in good agreement with 
the regional tilt. 

The occurrences of layered rocks in craters or crater-like 
depressions in western Arabia Terra are not hydrated within 
detection limits or only a fraction of the deposit is hydrated. 
Examples are primarily in Fig. 25: the 1.9 ¡im band occurs only 
in some places in the terrains with the highest nighttime tem- 
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Fig. 24. Close-up of the distributions of the pyroxene and the hydrated minerals for two craters. Base maps are daytime THEMIS (left) and nighttime THEMIS 
(right) mosaics. There is a remarkable correlation between the distribution of the hydrated minerals (blue pixels) and the terrains with the high thermal inertia. The 
hydrated deposit seen in the north corresponds to the crater 4. MOC images reveal that these terrains are strongly eroded, layered and light-toned mounds (Edgett, 
2002). 

Fig. 25. Same as Fig. 24. 

perature (the surrounding terrains being composed of pyroxene 
or dust). It has been shown that many mounds composed of lay- 
ered materials within the craters in Arabia Terra exhibit a 3 [im 
band in OMEGA data that is significantly greater than the sur- 
rounding terrains (Milliken et al., 2005). This band is diagnostic 
of adsorbed water and/or hydrated phases (Jouglet et al., 2007). 

The lack of diagnostic absorptions in the 1-2.5 |jm range, how- 
ever, makes it difficult to identify the host for the water. MOC 
and THEMIS images reveal that these mounds are commonly 
covered with dust, as confirmed by their higher albedo, which 
likely masks the 1.9 ¡im signature (the stronger 3 ¡im is inter- 
preted to be less sensitive to the dust coverage). 
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Fig. 26. Same as Fig. 23 but witti a detail of an area where both pyroxene (in 
yellow) and hydrated minerals (in blue) are mapped. MOC image reveals a 
dune field that extends to the south-west where pyroxene is mapped as well as 
bright terrains that extend to the north where hydrated minerals have been iden- 
tified (blue symbol). This suggests that the best model to explain the mixture 
of pyroxene and hydrated minerals is a spatial mixing, where the basaltic dunes 
should cover the light-toned and hydrated outcrops. 

In a few cases an overlap occurs between the spatial distrib- 
utions of the 1.9 |jm from hydrated minerals and the 2 |jm bands 
from ferrous silicates. The crater located at 5.4° N, 8.4° E is a 
typical example, where several pixels (blue pixels in Fig. 26) in- 
dicating the presence of hydrated minerals colocated with mafic 
materials (yellow pixels in Fig. 26). As expected, the pyroxene- 
rich hydrated mineral-free terrains are well correlated with dark 
streaks, whereas nighttime THEMIS images reveal that the hy- 
drated minerals are distributed over terrains with higher temper- 
atures. A subframe of MOC image M07-05541 in Fig. 25 shows 
the morphology in detail: dark dunes overlie a brighter etched 
terrain. The dark dunes from which the dark streak emanates 
are likely made of basaltic pyroxene-rich materials, whereas 
the brighter underlying etched terrains contain hydrated min- 
erals. At the OMEGA pixel scale these two minerals are mixed 
so that the spectral characteristics of this region are compatible 
both with pyroxene and hydrated minerals. 

Finally, the proximity of the dark dunes to the layered 
mounds in the craters of this unit suggest a connection (Edgett, 
2002). However, the difference of composition between the 
pyroxene-rich dark dunes and the hydrated layered mounds 
in the craters suggests that layered terrains do not supply the 
dunes. Nevertheless, we cannot totally exclude the presence of 
pyroxene-rich layers in the layered hydrated units, which would 
be too small to show up spectrally in ~500-3500 m/pixel 

OMEGA data. Over time, these layers may erode into sand- 
sized particles to form the dunes. 

Higher spatial resolution data are required to test this possi- 
bility. 

5. Implications for the formation of tlie etclied terrains 

This section presents the consequences of our inferred min- 
eralogical composition of the etched terrains on their formation. 
The discussion assumes that what we see from OMEGA is rep- 
resentative of the volume of unit E. To date, three formation 
scenarios have been proposed to explain the various features 
of the deposits in Terra Meridiani: the sedimentary/evaporite 
scenario (Squyres et al., 2004), the surge deposits formed by 
a series of large impact (Knauth et al., 2005) and volcanic sce- 
nario (McCollom and Hynek, 2005). We now make the case that 
none of these models can satisfactorily explain the mineralogy 
inferred by our observations. 

5.7.  Can the formation models of the Meridiani Planum 
outcrops be applied to the entire etched terrains? 

5.1.1. Comparison between the OMEGA mineralogy and the 
alternative formation processes 

The apparent absence of phyllosilicate deposits over Meridi- 
ani Planum has been advanced by Knauth et al. (2005) to refute 
the formation of sulfate-rich outcrops by alteration of siliclastic 
material by acid groundwaters. Alternatively, the same authors 
propose a formation by impact surge. However, our phyllosil- 
icate detections, although tenuous and localized, are not in 
good agreement with the prediction of the impact surge sce- 
nario. 

The mineralogy derived from the OMEGA observations also 
has implications regarding the formation of the outcrops as pro- 
posed by McCollom and Hynek (2005). Their model mineral 
assemblage includes components of quartz, alunite and dias- 
pore. Although the quartz is spectrally neutral in the NIR range 
and could be an end-member not identified by OMEGA, alu- 
nite and diaspore would have been definitively identified in the 
etched terrains by very strong features at 1.4, 1.78, 2.2, 2.5 |jm. 
Thus we do not see the assemblage of minerals predicted in 
their 2005 paper. However, this derived assemblage was one 
run of many and is not necessarily the final mineral assemblage 
at Meridiani (B.M. Hynek, personal communication). During 
acid-sulfate alteration of the ash, the original igneous minerals 
could be replaced by alteration products including phyllosil- 
icates (e.g., nontronite, saponite), amorphous silica, hematite 
and sulfate salts (McCord and Hynek, 2007). These minerals 
are thus more compatible with the diverse mineralogy observed 
in the etched terrains. On the other hand, the fact that the fer- 
ric sulfates are not the dominant components of the resultant 
mineralogy appears to be inconsistent with our preferred min- 
eralogy for most of the etched terrains. Other aspects of the 
volcanic scenario remain to be explained (Squyres et al., 2006). 

Finally, the methodology that consists to compare a miner- 
alogy derived from remote sensing observations against theo- 
retical equilibrium models has limitations, because the mineral 
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assemblage may be controlled by kinetic and not equilibrium 
processes. Therefore, it appears to be premature to totally dis- 
count the possibility of a volcanic (or impact) origin of the 
Meridiani deposits on the basis of mineralogy, and further in- 
vestigation of theoretical equilibrium models should be pur- 
sued. 

5.1.2. Comparison between the OMEGA mineralogy and the 
MER team formation process 

A viable model for the formation of the outcrops at Merid- 
iani Planum is a "dirty evaporite," i.e. an aqueous alteration 
of olivine-rich basaltic materials under acidic, oxidizing and 
arid conditions (Squyres et al., 2004; Tosca et al., 2005). The 
modern Meridiani plains later formed via wind erosion of 
sedimentary outcrops and accumulation of a thin aeolian de- 
posit of olivine-bearing basaltic sand (Klingelhöfer et al., 2004; 
Arvidson et al., 2006; Morris et al., 2006). The possible oc- 
currence of olivine and pyroxene in some areas of the unit 
Ph is therefore in good agreement with the analysis of Op- 
portunity's measurements. More surprising is the absence of 
basaltic deposits over the rest of the etched terrains. These re- 
gions could correspond to areas where basaltic sand has been 
swept away by wind. Alternatively, this could be result of a 
stronger alteration that transformed most of the siliclastic ma- 
terials. Where exposed by wind erosion to the north of the 
hematite-bearing plains, the ~1 km of stratigraphie section 
has spectrally varying signatures, including minor phyllosili- 
cate occurrences, hydrated sulfate occurrences, hydrated ferric 
oxides/oxyhydroxides over most of the etched terrains, and in 
some locations ferric oxides. This variety suggests that the up- 
per section examined by Opportunity may not be representative 
of the ~1 km in thickness of etched terrain strata. 

Analyses of OMEGA data presented in this paper show that 
the near-infrared spectral properties of the unit E are best re- 
produced by ferric sulfates or ferric hydroxides, or a mixture 
of both. The formation of ferric oxides/oxyhydroxides and sul- 
fates including ferrihydrite, schwertmannite and jarosite occurs 
under specific, but partly overlapping, pH ranges (Bigham et 
al., 1994, 1996; King and McSween, 2005). Sulfates and iron 
oxides precipitated from acidic waters commonly include the 
ferric mineral schwertmannite (Bigham et al., 1994, 1996; King 
and McSween, 2005; Fernandez-Remolar et al., 2004). To first 
order, the mineralogy inferred by OMEGA is therefore con- 
sistent with the outcrop mineralogy detected by Opportunity 
and would indicate long term low-pH environment. However, 
the fact that no jarosite has been detected by OMEGA in the 
etched terrains suggests that the solution may have a higher 
pH as discussed below. The analysis of natural terrestrial de- 
posits by Bigham et al. (1996) showed that the solutions of 
pH between 4.5 and 6.5 produced mixture of schwertman- 
nite and ferrihydrite. By contrast, jarosite was formed from 
one solution with a pH lower than 2.6. The stability of the 
jarosite-ferrihydrite and schwertmannite-ferrihydrite boundary 
both depend on Log[S04 ] and pH. A compilation of ther- 
modynamic calculations done by King and McSween (2005) 
indicates that jarosite is stable on Mars at pH < 4.6, while 
schwertmannite can be stable for pH up to 7, in good agree- 

ment with terrestrial samples. Another argument to support that 
the neutralization of the solutions that formed the etched ter- 
rains could have occurred at least locally is the presence of 
phyllosilicates in the unit E (Section 3.3.2). Bullock and Moore 
(2004) note that low acidity within a basaltic substrate cannot 
be sustained because of rapid reactions of the basalt with acid, 
leading to neutral to alkaline conditions. Thermodynamic cal- 
culations indicate that Fe-rich smectite nontronite can precipi- 
tate for pH of about 4 or larger in the case of high silica activity 
(Chevrier et al., 2007). Finally, the rover-based observations of 
the coexistence of jarosite and a Fe^^-bearing phase and the 
near-constant elemental composition at Meridiani Planum re- 
quire a model with high acidity and a low water-to-rock ratio, 
that is, a system that is essential closed except with respect 
to volatile components (e.g., the acid-fog model or leaching 
model in the absence of increasing pH; Golden et al., 2005; 
King and McSween, 2005). The evidence for less acidic condi- 
tions as outlined above is thus more consistent with the leaching 
model involving higher water to rock ratios and higher pH. 

Other minerals are predicted in more neutral solutions (King 
et al., 2004; King and McSween, 2005): Ca-Mg-Na sulfates 
and Ca-bearing phosphates. The presence of Mg-sulfates and 
polyhydrated sulfates in the northeast of Terra Meridiani is also 
in better agreement with the leaching model than with the more 
acidic fog model. Griffes et al. (2007) demonstrate that these 
sulfates-rich deposits are located in depressions and are at the 
bottom of the stratigraphie column of unit E. On Earth, the most 
soluble salts are formed in residual brine pools in the lowest ar- 
eas (Knauth et al., 2005). Therefore, the precipitation of the 
most soluble sulfates such as Mg-sulfates could have been fa- 
cilitated relative to topographically higher and sulfate-free ter- 
rains. The mineralogical diversity of the unit E suggests that the 
regional groundwater chemistry could have varied with time, 
becoming more acidic with time to produce local deposits of 
jarosite at the top of the section. 

Another significant control on the chemistry of weathering 
solutions and resulting mineral assemblages is the bulk com- 
position of the pristine rocks. The lack of OMEGA-observable 
Ca-Mg-Na bearing sulfates in most of the outcrops suggests 
that these phases never formed or that they were dissolved. 
Tosca et al. (2005) showed that the Mg-sulfates and ferrous- 
sulfates can be dissolved during diagenesis (three fluid flushing 
events). Alternatively, if the pristine rocks were enriched in Fe 
relative to the other elements, typical sequences of Fe-sulfate 
mineral formation can be occurred. For example, in areas on 
Earth affected by acid mine drainage, Fe^"*"-bearing sulfates 
are observed close to the pyrite deposits, then a sequence is 
observed that begins with transition to a mixture of Fe^"'"/Fe^+- 
sulfates, then Fe^^-sulfates, and finally Fe^^-oxides and oxy- 
hydroxides (Burns, 1987). The mine drainage analogy may 
have limitations because terrestrial occurrences are not hosted 
in basaltic compositions. 

The observations of strong ferric features in the entire unit 
E imply that the iron present in outcrop minerals is ferric; 
this is consistent with the conclusions based on the Oppor- 
tunity results have been derived (King and McSween, 2005; 
Squyres and Knoll, 2005) and directly measured by the MER 
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Mössbauer spectrometer (Klingelhöfer et al., 2004; Morris et 
al., 2006): oxidizing conditions were likely during the end of 
their alteration. Moreover, the poorly crystalline structure of the 
ferric phases indicates slow growth kinetics at low temperature 
(Tosca et al., 2005). 

5.2. Origin of the hydrated deposits inside craters of Arabia 
Terra 

The hydrated mineral deposits found in the craters of the 
North of Terra Meridiani could have been emplaced in the de- 
pressions via eolian processes. However, the strong similarities 
between the deposits and the etched terrains in term of compo- 
sition and thermophysical properties suggest that they share a 
common origin via aqueous processes. Because of their layered 
structure, a common and lacustrine origin was proposed (Malin 
and Edgett, 2000). The absolute elevation of the bottom of these 
layered units follows the regional tilt (Section 4.2). Their depo- 
sition could happen before the regional tilting. Alternatively, if 
they formed during the same period as the etched terrains, their 
formation dated after the tilting, because there is obvious mor- 
phologic evidence that the etched terrains were formed after the 
tilting: they cover extensive channel systems running from the 
cratered highlands in the southeast to highly eroded cratered ter- 
rains to the northwest (Hynek and Phillips, 2001). The detection 
of these hydrated mineral deposits could therefore indicate that 
the water-related processes in the study area occurred at an even 
larger scale than previously suggested by Hynek (2004). After 
the formation of this extensive area throughout Meridiani, ex- 
tensive erosion may have occurred, leaving protected deposits 
inside craters. 

5.3. Origins of the etched terrains 

As speculated years ago by Burns (1987, 1988), the exis- 
tence of ferric sulfates associated with hydroxides implies that 
unique conditions occurred in this region. The essential at- 
tributes of the hydrated etched terrains that must be explained 
by any depositional model are: a very large sedimentary deposit 
(~1 km thickness, several hundred thousand square kilome- 
ters based on partially eroded layered deposits observed beyond 
the Opportunity landing site), mineralogy of the low-pH sul- 
fate deposit of Meridiani Planum, mineralogy of the more neu- 
tral materials constituting most of the unit E, the "dirty evap- 
orite" sandstone nature of the Meridiani outcrops examined 
by Opportunity that could be likely generalized to the entire 
etched terrains given their similar thermophysical properties. 
On Earth, the ferric sulfates can have several origins: (1) ox- 
idative weathering and dissolution of iron sulfide-bearing rocks 
to produce oxiding and acidic aqueous solutions (Burns, 1987; 
Burns and Fisher, 1990); (2) sulfuric acid alteration of basalts 
by solutions associated with S02-rich volcanic gases in vol- 
canic settings (e.g., Morris et al., 1996, 2000); (3) acid-fog 
weathering of basaltic materials (Banin et al., 1997; Tosca et al., 
2004); (4) evaporation of acidic solutions (Clark and van Hart, 
1981). Because the study area does not resemble to a volcanic 
caldera in size and shape, the origin (2) is unlikely, unless the 

whole area has been stripped, possibly removing the evidence 
of volcanism. As discussed previously, the acid-fog weather- 
ing (origin 3) cannot well describe the more neutral environ- 
ment inferred from the OMEGA observations. Several argu- 
ments, especially regarding the size of the deposits, have been 
pointed out to refute the evaporite origin (Knauth et al., 2005). 
However, sedimentary processes involving lacustrine evapor- 
ites through acidic groundwater could have formed enough 
sulfate-rich sand to cover a large area (Grotzinger et al., 2005; 
Arvidson et al., 2006). A terrestrial example, playas at White 
Sands, New Mexico, has been cited as an excellent stratigraphie 
analogue, although the mineralogical composition (gypsum- 
rich dunes) is different of the mineralogy of the unit E derived 
by OMEGA, the geographic area is much smaller than the 
unit E. 

Among the best terrestrial analogues for explaining the min- 
eralogy and the extent of the unit E are acid sulfate systems 
commonly associated with sulfide-bearing rock oxidation (ori- 
gin 1). The Rio Tinto system provides a good analog where 
evaporation of the river water and groundwater drives precipi- 
tation of copiaipite, coquimbite, jarosite, schwertmannite, and 
hydroxides and a depletion of siliclastic materials. Using the 
Rio Tinto analogy for the Burns formation proposed by Zolotov 
and Shock (2005), the etched terrains could have precipitated 
from acidic and oxidizing solutions formed from groundwater 
passed through iron sulfide deposits. In this scenario, it is as- 
sumed that successive rises of groundwater table occurred as 
proposed by Arvidson et al. (2006), and that the sulfur, iron and 
other species forming the unit E would come from sulfide-rich 
rocks associated with hydrothermal and magmatic ore deposits 
rather than extensive volcanism from Tharsis (and other) vol- 
canoes. In this model, unit E would be fundamentally different 
from the Meridiani outcrop, which has a basaltic chemical com- 
position when its bulk chemical composition is calculated to a 
sulfur-free basis. 

A sequence for the formation of these Mg-sulfates and poly- 
hydrated sulfates detected in northern Meridiani Planum from 
sulfide deposits could have been leaching of sulfides and trans- 
port to the surface for formation of evaporites. However, the 
Mg-sulfates and polyhydrated sulfates cannot be major prod- 
ucts of this mode of formation. Indeed, Rio Tinto that is 
presented as a good analogue as described above does not 
show Mg-sulfates except for magnesiocopiapite. Consequently, 
a more likely formation scenario for these sulfates is that they 
are the results of evaporitic settings derived from acidic weath- 
ering fluids from martian basalt typically rich in Mg, Ca, Fe and 
SÍO2. This leads us to suggest that there are several modes for 
formation of etched terrains. 

6. Conclusions 

The mineralogy of one of the key regions on Mars has 
been constrained thanks to OMEGA observations, and the com- 
parison of our results with previous studies based on orbital 
and ground data have lead to new or expanded insights into 
the nature of this region. A remarkable correlation has been 
found between the surface composition and the geomorpho- 
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logic and thermophysical properties that were used for mapping 
the geological units in previous works. The Noachian dissected 
cratered terrains are covered by basaltic sands. Nonlinear un- 
mixing modeling shows that this unit is significantly enriched in 
both low-calcium and high-calcium pyroxenes (20-30% each), 
in agreement with the composition found in other Noachian 
terrains from other studies. The relative proportion of ferric- 
dominated and ferrous-dominated phase assemblages has been 
studied through different spectral parameters. The nanophase 
ferric oxides best explain the spectral characteristics of the man- 
tle that covers the western Arabia Terra and the northern part 
of Terra Meridiani. Among the best spectral analogues of the 
etched terrains are Fe^+-bearing sulfates, oxyhydroxides or a 
mixture of both. The presence of a poorly crystalline ferric 
component has been also identified supporting oxidizing condi- 
tions during their formation. The dark streaks of western Arabia 
Terra originate from pyroxene-rich deposits (identified as dunes 
by high resolution imagery) on the crater floors, and consist of 
pyroxene-bearing grains finer than those of the interior deposits. 
The identification of numerous hydrated deposits in the craters 
of the northern Terra Meridiani is reported. The difference in 
composition between the low-albedo pyroxene-bearing dunes 
and the adjacent light-toned water-bearing layered deposits in- 
dicates that there is no connection between these two geological 
materials inside the craters. 

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, best explained 
by acid sulfate alteration at low water-to-rock ratios. Based on 
the OMEGA observations, there are several indications that the 
solutions from which most of the etched terrains were formed 
had a greater pH. The more neutral conditions are therefore 
more consistent with the leaching model than with the low 
pH acid fog model. To explain the lack of observable Mg-Ca- 
bearing sulfates, the lack of siliclastic residual plains and the 
presence of the Fe-bearing minerals under the form of ferric 
sulfate complexes associated with hydroxides over most of the 
etched terrains, we consider that the oxidative weathering of 
iron sulfide-bearing rocks is a possible candidate process for 
the formation of the minerals of the outcrops. 
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