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Spectral Reflectance and Morphologic Correlations
in Eastern Terra Meridiani, Mars

R. E. Arvidson,1* F. Poulet,2 J.-P. Bibring,2 M. Wolff,3 A. Gendrin,2 R. V. Morris,4 J. J. Freeman,1

Y. Langevin,2 N. Mangold,2 G. Bellucci5

The Mars Express Observatoire pour la Minéralogie, l’Eau, les Glaces, et l’Activité
(OMEGA) hyperspectral image data covering eastern Terra Meridiani indicate the
ubiquitous presence of molecular water in etched terrain materials that discon-
formably overlie heavily cratered terrains and underlie the hematite-bearing plains
explored by the Opportunity rover. Identification of crystalline water in kieserite
(MgSO4IH2O) is linked to materials exposed in a valley and plateau to the north
of hematite-bearing plains. The mineralogical similarities between the etched ter-
rain deposits examined with OMEGA data and the layered rocks examined by
Opportunity imply that the ancient aqueous environments inferred from analyses of
the rover data extend over regional scales.

The Mars Express instrument, OMEGA, has

acquired hyperspectral imaging data of the

martian atmosphere and surface since Janu-

ary 2004 (1). In this Report, we summarize

analyses of OMEGA data from Orbit 485

over Terra Meridiani, acquired on 7 June 2004

at approximately 09:00 Mars local time and

a solar incidence angle of È46-. This Report

complements the work on identification and

mapping of high-latitude hydrated sulfate min-

erals (2) and in equatorial to mid-latitude

layered deposits (3) from OMEGA data. Our

focus is the identification of hydrated phases

associated with etched terrain materials ex-

posed to the east and north of the hematite-

bearing plains that define Meridiani Planum

(4–6).

The geologic setting of Terra Meridiani is

among the most complex on Mars and in-

cludes exposures of Noachian-aged cratered

terrains that have been dissected by channel

systems that were carved by water flowing from

the southeast to the northwest (7) (Fig. 1). After

channeling ceased, several hundred meters of

layered materials were disconformably de-

posited onto the dissected cratered terrains.

To the north of Terra Meridiani, the deposits

were then buried by the southern edge of a

dust mantle that peaks in thickness over Terra

Arabia (5). Subsequent wind erosion then ex-

posed the layered deposits in Terra Meridiani

and differentially shaped these materials into

a set of domes, ridges, plateaus, and other

landforms collectively termed etched terrains

(5). The hematite-bearing Meridiani Planum

surfaces and materials mapped from Mars

Global Surveyor (MGS) Thermal Emission

Spectra (TES) (8) and explored by the Mars

Exploration Rover, Opportunity (9), are at the

top of the stratigraphic section of preserved

layered materials. Analyses of rover-based

data show that the hematite spherules and

associated fragments have been concen-

trated on the surface as a lag deposit as

wind erosion has eroded the weak spherule-

bearing, sulfate-rich rocks that underlie the

plains (10).

OMEGA Orbit 485 data cover portions of

the eastern hematite-bearing plains, sections

of etched terrains exposed to the east and

north of the plains, and extensive areas of dis-

sected and mantled cratered terrains (Fig. 1).

Furthermore, the northern exposures of etched

terrains include deposits in a valley and pla-

teau oriented to the northwest-southeast and

located just to the north of the transition from

the hematite-bearing plains to the etched ter-

rains (Figs. 1 and 2). After retrieval of sur-

face Lambert normal albedos (11), standard

reduction analyses using principal compo-

nents techniques (12) were used to extract

spectral endmembers. Extractions focused on

the wavelength interval from 1.0 to 2.6 mm

because interactive inspection of spectra sug-

gested that this region showed the greatest

variety of spectral shapes. Five spectral end-

members (Fig. 3) explain 86% of the variance

for plains, etched terrains, and surrounding

dark cratered terrains: (i) a Bbright etched

terrain[ spectrum typical of the signatures

for etched terrain, (ii) a Bdark etched pla-

teau[ spectrum representative of darker

signatures associated with the northwest-

southeast–trending valley and plateau

(Figs. 1 and 2), (iii) a Bbright plains[ spec-

trum, (iv) a Bdark plains[ spectrum, and (v)

a Bdark crater floor[ spectrum (located in the

cratered terrain).

Between 0.4 and 1.0 mm, each of the five

endmembers is characterized by an absorp-

tion edge between 0.4 and È0.6 mm, a slope

change near 0.6 mm, a relative reflectance

maximum at È0.75 mm, and a band minimum

at longer wavelengths. The position of the

minimum ranges from È0.82 mm (feature A,

Fig. 3) for the bright etched terrain spectrum

to È1.0 mm (feature B in Fig. 3) for the dark

crater floor endmember. The spectral slope

between È0.6 and È1.5 mm is steep and pos-

itive for the bright etched terrain spectrum and

slightly negative for the dark crater floor spec-

trum. All of these spectral features have been

detected in previous observations of Mars

made at lower spatial resolution as compared

to OMEGA data (È2 km for Orbit 485 data

versus È20 km) (13, 14). The spectral fea-

tures for the bright etched terrain spectrum

are consistent with the presence of Fe3þ-

bearing minerals, interpreted to be a mixture

of nanophase ferric iron and hematite (15),
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although the minimum for well-crystalline

and chemically pure hematite is more typical-

ly 0.85 to 0.87 mm (16). On the other hand,

the dark crater floor spectrum is interpreted

to result from the presence of relatively un-

altered materials with a thin Fe3þ-bearing min-

eral alteration or dust-rich surface layer. This

spectrum clearly shows evidence for the Fe2þ

electronic transition absorption bands (fea-

tures B and C at È1 and 2 mm, respectively,

in Fig. 3) that are associated with pyroxene

in basaltic materials (17).

The bright plains spectral endmember, on

the basis of examination of MGS Mars Or-

bital Camera and Odyssey Thermal Emission

Imaging System (THEMIS) image data, shows

that the material represented by this endmem-

ber is located where hematite-bearing, mottled

plains dominate the surface. In some loca-

tions, layering is exposed along relatively

steep slopes. Additionally, the bright plains

spectrum has a similar shape but lower over-

all reflectance as compared with the bright

etched terrain endmember (Fig. 3). We inter-

pret the spectral similarity between bright

plains and etched terrain endmembers, and

the appearance of the bright plains, as indic-

ative of wind erosion and exposure of some

etched terrain material in these areas, with

a partial cover of hematite-bearing spherules

and basaltic sands similar to what was found

at the Opportunity site several hundred kilome-

ters to the southwest (18). The partial cover

subdues the water-related spectral features

typical of well-exposed etched terrains. The

dark plains endmember is spectrally flat from

È1.3 to 2.6 mm and is representative of the

spectral signatures for slightly rolling, smooth

plains with homogeneous brightness. Bowl-

shaped craters are present and well preserved.

No exposed layering is evident. These dark

plains are interpreted to be covered with an

areally uniform dark lag deposit of hematite

spherules and basalt sands formed as the

plains were slowly eroded by wind. Based

on mapping the areal abundance of hema-

tite from TES data (5), the bright and dark

plains imaged by OMEGA during Orbit 485

have higher basalt sand–to–hematite spherule

abundances as compared with the plains ex-

amined by Opportunity.

The deep band at È3 mm in all spectra

(feature D in Fig. 3) results from the well-

known stretching fundamental vibrations of

the H
2
O molecule (n

1
and n

3
) (19). This fea-

ture has been previously detected, including

over Terra Meridiani (20). It is estimated that

G4% water is needed to produce the magnitude

of the observed absorptions for Mars (21), al-

though the enhanced depths for the bright

etched terrain as compared with those of other

regions suggest a larger number. The feature

at 1.92 mm (feature E in Fig. 3) is well ex-

pressed in the spectra for bright etched ter-

rain and is diagnostic of the presence of the

H
2
O molecule and results from combina-

tion of two fundamental vibrations (n
2
þ n

3
)

(19). In the absence of spectral evidence for

hydrated and hydroxolated phases in the spec-

trum, we associate feature E with water ad-

sorbed onto surface materials. The strength of

the È3- and 1.92-mm features for etched ter-

rain spectra implies that materials exposed in

these deposits are enhanced in their water

contents relative to the other units for which

spectral endmembers were extracted. A spec-

tral feature near 1.4 mm should also be present

for these water-bearing materials but is not

apparent (Fig. 3), presumably because it is too

weak to be observed in the retrieved reflec-

tance data.

The last three spectral features, corre-

sponding to F (È2.5 mm) in the bright etched

terrain spectrum and to G (È2.1 mm) and H

(È2.4 mm) in the dark etched plateau spec-

trum, require additional analyses before as-

signments can be made. Each spectrum was

normalized to the endmember spectrum for

the dark plains for the 1.6- to 2.6-mm region.

The dark plains spectrum is flat in this wave-

length interval and thus provides a reason-

Fig. 1. (A) Shaded relief
map of Meridiani Planum
region showing the dissect-
ed cratered terrain (DCT)
disconformably overlain by
etched terrain deposits (ET),
which in turn are covered
by hematite-bearing plains
(PH). To the north, the
deposits are mantled by
younger deposits (MCT).
The Opportunity landing
site is shown, along with
boxes that delineate an en-
larged portion of the shaded
relief map (red) shown in
(B) and coverage for Orbit
485 OMEGA data (blue)
shown in (C). Units are up-
dated from (5). Topograph-
ic information is from MGS Mars Orbital Laser Altimeter (MOLA) data (27). Simulated sun is from
west with an angle of 15- above horizon. (B) Shaded relief map shown in (A) with color-coded
elevations overlain and location of THEMIS image subframe (C) denoted by black box. Elevation
ranges from a high of –690 m (red) to a low of –1750 m (purple) relative to the International
Astronomical Union–2000 coordinate system and MOLA-based areoid. (C) OMEGA false-color
infrared composite (band wavelengths 1.2992, 1.7576, and 2.3947 mm as blue, green, and red,
respectively) covering eastern Terra Meridiani with locations of shaded relief map and THEMIS
coverage [(A) and (B)] shown as red and black boxes, respectively. Locations for which OMEGA
spectra endmember spectra were extracted are also shown.

Fig. 2. (A) THEMIS scaled
daytime infrared image
subframe showing major
geomorphic units including
etched terrain materials ex-
posed on a plateau and in
a valley. White line shows
location of vertical profile
shown in (C). Image ID:
I02434005BTR.img ac-
quired on 2 July 2002 at
È16:00 Mars local time.
Regions covered in the im-
age all have elevated and
similar thermal inertias (5).
Thus, the overall reflec-
tance in the visible and re-
flected infrared controls
the afternoon temperature.
Warm surfaces (high bright-
ness) in the THEMIS data
correspond to the dark (and
thus absorbing in solar
wavelengths) regions in the
OMEGA data shown in Fig. 1C. (B) Enlarged view of portion of THEMIS subframe showing the valley
and plateau. The dark etched endmember was derived from the plateau region. (C) Vertical
topographic profile from MOLA data (128 pixels/degree bins) with 100 times vertical exaggeration.
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able spectrum for normalization. The rea-

son for the normalization is to minimize

artifacts resulting from imperfect instrument

calibration and atmospheric removal. The ra-

tio spectrum enhances the depths of these

features G and H and the 1.92-mm H
2
O fea-

ture (Fig. 4). The ratio spectrum was com-

pared with a number of laboratory-based

reflectance spectra of a range of minerals,

focusing on sulfate-bearing minerals that

have water of crystallization after reconnais-

sance comparisons suggested that hydrated

sulfates provide the best matches (Fig. 4).

The bands at È2.1 and È2.4 mm, which are

interpreted to be combination bands involving

the stretching vibration of H
2
O molecules

within a crystal lattice, best match our lab-

oratory spectrum of kieserite (MgSO
4
IH

2
O;

Fig. 4). The spectrum of the monohydrate of

ferrous sulfate (szomolnokite) is similar in

this region, but the presence of the mineral is

not indicated because its ferrous band

minima near 0.94 and 1.33 mm and reflec-

tance maximum near 0.67 mm (22, 23) are

not evident in OMEGA spectra. A similar

ratio operation for the bright etched terrain

spectrum produced a strong band (feature E)

consistent with the presence of adsorbed mo-

lecular water as discussed above. The identi-

fication of H
2
O-bearing minerals in the etched

terrains, and the presence of kieserite for the

valley and plateau, does not mean that the

relevant materials are composed only of these

phases. Rather, these mineral phases are pre-

sent in relatively high abundances relative to

other areas we examined in this paper. On

the basis of our analyses, etched units are

also enriched in Fe3þ-bearing minerals. In

addition, modeling of TES spectral emissiv-

ity data suggests that pyroxene, plagioclase

feldspar, and glass are also present in etched

terrain deposits (5).

Comparison of OMEGA and THEMIS

data shows that the dark etched plateau re-

gion with the kieserite signature is located

between two deposits of the more typical

bright etched terrain (Fig. 2). Furthermore, the

kieserite-bearing surface exhibits a set of

domes that is not typical of the rest of the

valley and plateau system (Fig. 2). These

domes also appear in the valley on the left-

hand edge of the THEMIS frame shown in

Fig. 2, exactly where OMEGA data also show

a spectrum indicative of kieserite. Perhaps

the domes evident in the valley and plateau

and associated with a kieserite signature are

preserved eruptive volcanic cones that were

buried, altered by corrosive ground water,

and then exhumed by wind. Alternatively, the

domes could be a consequence of preferen-

tial cementation of materials by ground water

preferentially flowing along fractures. Sub-

sequent wind erosion may have left these

regions as local domes because of their in-

durated nature. Examination of THEMIS data

for all the etched terrains evident in Orbit 485

suggests that preferential cementation along

fractures, followed by differential erosion to

produce ridges and plateaus, was a common

occurrence (24).

The most important conclusion of this paper

is that the etched terrain layered materials

exhibit evidence for molecular water adsorbed

onto the surface materials and, for the dark

etched plateau, incorporated as structural water

in the hydrated sulfate mineral kieserite. These

results complement the analyses conducted by

the Opportunity rover on the bright layered

rocks in Eagle and Endurance craters, where

evidence for hydrated sulfate minerals was also

found, including kieserite (25). It is our

conclusion that Opportunity examined the

upper section of the etched terrain deposits in

these craters and that our results imply that

aqueous processes were involved in forming

and/or altering the etched terrain materials over

distances of hundreds of kilometers and

throughout the several-hundred-meter thick-

ness of the etched terrain deposits.
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Olivine and Pyroxene Diversity
in the Crust of Mars
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G. Bellucci,4 F. Altieri 4

Data from the Observatoire pour la Minéralogie, l’Eau, les Glaces, et l’Activité (OMEGA)
on the Mars Express spacecraft identify the distinct mafic, rock-forming minerals
olivine, low-calcium pyroxene (LCP), and high-calcium pyroxene (HCP) on the surface
of Mars. Olivine- and HCP-rich regions are found in deposits that span the age range of
geologic units. However, LCP-rich regions are found only in the ancient Noachian-aged
units, which suggests that melts for these deposits were derived from a mantle
depleted in aluminum and calcium. Extended dark regions in the northern plains exhibit
no evidence of strong mafic absorptions or absorptions due to hydrated materials.

The igneous composition of the martian crust

has been examined through remotely sensed

data, meteorites, and in situ observations by

landers and rovers (1). Meteorites exhibit the

greatest petrologic diversity but are, with the

exception of one sample, G1.3 billion years

in age and thus young. Remotely sensed and

landed measurements imply that, where ex-

posed, the igneous crust is dominantly basal-

tic, composed mostly of feldspar and pyroxene

(2, 3). Two major divisions in crustal com-

position are recognized on the basis of their

thermal infrared (IR) spectral signatures (2).

Type I material, predominantly in the equa-

torial highlands, is basaltic. Type II, found

predominantly in the northern lowland plains,

has been interpreted to be andesite or basaltic

andesite (4) as altered basalt with a large

component of hydrolytic weathering mate-

rials (5, 6), oxidized basalt (7), or silica-

coated basalt (8). There have been a few

outcrops of ancient crust identified in thermal

emission data that exhibit concentrations of

olivine (9) and low-calcium pyroxene (LCP)

above the limits of detection (10).

Here, we present the first results for the

crustal composition of Mars derived from the

OMEGA reflectance observations. Visible/

near-infrared (NIR) reflectance measure-

ments are most sensitive to the presence of

iron-bearing mafic minerals. These analyses

complement existing observations, help to

resolve issues, and provide insight into the

crustal composition and evolution.

The OMEGA experiment and operations

are described elsewhere (11, 12). This analy-

sis focuses on visible/NIR reflectance mea-

surements of OMEGA (0.35 to 2.6 mm), where

observations of surface reflectance also in-

clude atmospheric contributions from dust,

water ice aerosols, CO
2
, and H

2
O vapor. We

perform an atmospheric correction assuming

that the surface and atmospheric contributions

are multiplicative and that the atmospheric

contribution follows a power law variation

with altitude (13). An atmospheric spectrum is

derived from a high-resolution observation

crossing the summit of Olympus Mons.

Assuming a constant surface contribution, the

ratio of a spectrum from the base of Olympus

Mons to one over the summit provides the

atmospheric spectrum at a power function of

their difference in altitude. The atmospheric

contribution to each spectrum is then removed

by dividing the observation by the derived

atmospheric spectrum, scaled by the strength

of the CO
2

atmospheric absorption measured

in the observation.

Olivine and pyroxene are two important

classes of rock-forming minerals that have

absorption bands in the visible/NIR that result

from electronic crystal field transitions of Fe

in octahedral coordination (14). These absorp-

tions are diagnostic of the minerals and their

chemical composition (15, 16). Olivine

E(Mg,Fe)
2
SiO

4
^ has a broad, complex absorp-

tion centered near 1 mm that varies in width,

position, and shape with increasing Fe content

(16). Pyroxenes E(Ca,Fe,Mg)
2
Si

2
O

6
^ are rec-

ognized by the presence of two distinct

absorptions centered near 1 and 2 mm, where

the band centers shift toward longer wave-

lengths with increasing calcium content. LCPs

(e.g., orthopyroxene) have short-wavelength

band centers (0.9 and 1.8 mm), whereas high-

calcium pyroxenes (HCPs) (e.g., clinopyrox-

ene) typically have long-wavelength band

centers (1.05 and 2.3 mm) (15). Laboratory

measurements of these minerals and their

mixtures (15–18) provide the basis for inter-

preting the OMEGA reflectance spectra.

The detection of specific minerals from

reflectance spectra involves several steps.

First the atmospherically corrected data must

demonstrate the presence of unique spectral

features that exceed the noise or any system-

atic variations of the measurements. Typical-

ly, the spectral features are weak because of

mixing with bright dust on Mars. In addition,

there may be residual atmospheric or instru-

mental effects that affect the shape and

strength of diagnostic absorptions and, thus,

mineral interpretation. To enhance the spec-

tral features of the important material, we

find the ratio of the observed spectrum to that

of a nearby dusty region with a similar

atmospheric path length acquired during the

same observation sequence. Spectra of bright

dust exhibit no mafic mineral features, and

this dust is a product of alteration processes

(i.e., not fine-grained or powdered crustal

material). Thus, spectral properties that are

common between the measurements, includ-

ing residual atmospheric effects, cancel out,

leaving in the ratio the spectral properties of

the material of interest. In the mineral

identifications presented here, we show the

original OMEGA spectra of the target terrain

and nearby dusty terrain, with atmospheric

correction, the ratio of target terrain to dusty

terrain, and candidate spectra of minerals

measured in the laboratory.

The detection of olivine is made on the

basis of a broad complex of overlapping ab-

sorptions centered near 1 mm. The spectrum

of the olivine-bearing surface shown in Fig. 1

exhibits a broad and strong absorption

between 0.8 and 1.5 mm but is relatively

featureless for wavelengths 91.5 mm. This is

1Geological Sciences, Brown University, Providence,
RI 02912, USA. 2Institut d’Astrophysique Spatiale,
Bâtiment 121, 91405 Orsay Campus, France. 3IDES,
Bâtiment 509, 91405 Orsay Campus, France. 4IFSI-
INAF, Rome, Italy.
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