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I NTRODUCTION :

Monitoring fluxes of energy and matter between the atmo-
sphere, regolith, seasonal deposits and permanent polar caps
of Mars is required to study the seasonal and climatic cycles
of the Planet. The main species involved in the exchange of
matter are volatiles (CO2, H2O) and mineral dust. At the sur-
face, the monitoring consists of following the changes of spa-
tial distribution and abundances of these species as a function
of time. Until recently, such a task relied essentially on time
sequences of albedo (in the visible) or temperature maps cov-
ering seasonal and permanent caps (e.g.[1]). None of these ob-
servations are directly diagnostic of ices and dust. Since Jan-
uary 2004, the imaging spectrometer OMEGA (Observatoire
pour la Mińeralogie, l’Eau, les Glaces et l’Activité) of Mars
Express provides a more direct way of detecting and charac-
terizing these compounds. This instrument acquires, nearly on
a day to day basis, spectro-images of the polar regions in the
0.35-5.09µm range. In the near and mid infrared, CO2, H2O,
and, to a lesser extent dust, display numerous and distinctive
absorption bands allowing a more accurate detection and char-
acterization than was done before. Three main objectives be-
come feasible : (i) estimating the abundance and physical state
(pure or diluted ices, clathrate, temperature, etc.) of H2O and
CO2 as a function of location and time, (ii) determining the
nature of these ices (daily, seasonal or perennial), (iii) study-
ing the microphysics of processes affecting the volatiles such
as condensation, metamorphosis, and sublimation.

Bibring et al. [2] have produced the first detailed qualita-
tive mapping of H2O and CO2 ices in the South polar region
of Mars in late summer from OMEGA observations. In this
paper we follow up this work : (i) first by extracting the most
distinctive spectra of the different kinds of terrain, (ii) second
by determining the modes of coexistence between H2O, CO2

and dust (macroscopic, granular, molecular) that best explain
the morphology of the spectra, (iii) third by giving a first esti-
mate of the relatives abundances of the previous compounds.

ANALYSIS :

Data We have analyzed the Near Infrared segment of 5
MEX OMEGA observations acquired during orbits 30, 41, 61,
and 103 that cover the high southern latitudes of Mars. The Ls
range is 335.-348. (01/18/04 - 02/11/04) and corresponds to
late summer in this hemisphere. Table 1 localizes the frame
of each image and gives the mean phase angle. The latter in-
dicates the level of solar illumination since the measure was
performed in nadir-pointing mode. The spatial resolution is
typically 3 km.pixel−1. An image contains typically105 re-
flectance spectra determined by absorption and scattering ef-
fects occurring both in the atmosphere and at the surface. At-
mospheric absorption bands due to gaseous CO2 and H2O are
corrected using profiles from the Mars Climate Database [3]

and a line-by-line radiative transfer model [4]. We consider
that scattering of solar light by clouds or by dust particles is
negligible.

Orbit Phase angle lat. max. lat. min.
30 68. -60. -88.
41 73. -70. -89.
61 81. -77. -90.
103 87. -77. -89.

Table 1

MethodsBibring et al. [2] have recognized 3 main kinds
of terrains in the images of orbits 30, 41, 61, and 103 : the
permanent South Polar cap dominated by superficial CO2 ex-
cept at its edges (green areas in Figure 1), water ice appearing
at the border of the cap and as extended “islands” within the
circumpolar dunes (blue areas in Figure 1), and mineral ter-
rains (red areas in Figure 1) that do not show much spectral
diversity.

Figure 1: 3 main kinds of terrains of the South Polar Cap.

On each image of the previous series, we perform suc-
cessively a Minimum Noise Fraction Transform (MNF) and a
Pixel Purity Index (PPI) calculation to find the purest spectra
(end-members) of the 3 terrains. The first operation segre-
gates noise from real physical signatures in the spectra, de-
termines the inherent spectral dimensionality of the data, and
thus reduces the computational requirements for the PPI oper-
ation. The end-members extracted by this statistical phase of
the analysis present unique and extreme signatures that are the
expression of compounds uniformly distributed within their
pixels.

Then we carefully examine the position, depth, width and
shape of characteristic absorption bands present in the end-
members by direct comparison with transmission spectra of
CO2 and H2O ices obtained in the laboratory. This spectro-
scopic phase of the analysis gives a first estimate of the com-
position of the terrain (e.g. CO2, H2O and dust) as well as of
the mixing mode (molecular, vs granular, or spatial mixtures)
between the involved compounds.

Finally we reproduce the reflectance spectra of the dif-
ferent end-members by tuning the free parameters of a model
which calculates the transfer of solar light through a dense,
granular, and possibly stratified medium [5]. For that pur-
pose we usually test three different mixing modes for the com-
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pounds identified during the spectroscopic phase : macroscopic,
intimate and stratification. The intrinsic optical indexes needed
by the model are derived from laboratory measurements for
CO2 [6] and H2O ices [7] and from the inversion of a typi-
cal reflectance spectrum of the polar dunes for the dust. The
quality of the best fit we achieve is directly linked with the
relevance of the coexistence mode we consider for the model-
ing. Thus estimates of the mixing mode, relative abundances
and mean grain sizes of H2O, CO2, and dust result from the
modeling phase of the analysis.

RESULTS:
Permanent South Polar Cap: Figure 2 shows an average

of the purest spectra found in the central parts of the Polar
Cap. Also included are two related modelings featuring H2O,
CO2, and dust mixed under the pixel scale either as macro-
scopic patches of ground or as grains. Dry ice is in any case
the dominant species. Nevertheless the presence of H2O and
dust is mandatory to reproduce the continuum and key spec-
tral features of the spectrum near 1.5 and 2.5µm. We also
note that the intimate model reproduces these key features the
best, while both models display a fit of comparable quality
elsewhere and the same misfit around 3.µm. This misfit re-
veals a slightly more complex coexistence mode or physics
than the one employed here. Nevertheless we can conclude
that the superficial layer at the top of the Permanent South Po-
lar Cap consists of very coarse CO2 grains intimately mixed
with trace amounts of medium-size H2O grains (300-800 ppm
volume) and dust (30-100 ppm volume).
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   Central South Cap (orbit 61) 
 
 Models
   Linear Mixture

CO2 50%    4.5 cm
H2O 20%     80 µm
Dust 30%     10 µm

 
   Granular Mixture

CO2 99.94%    4.5 cm
H2O   0.05%    100 µm
Dust 0.008%      13 µm

 

Figure 2: Modeling a spectral endmember extracted from the
central parts of the Polar cap.

Water ice: Figure 3 shows an average of the purest spec-
tra found in the “islands” of water ice situated within the polar
dunes. Note that we added the visible segment of the OMEGA
measurements (0.32-1.1µm). Similarly to the previous mod-
elings we consider two types of coexistence modes for H2O,
CO2, and dust: macroscopic and intimate (i.e. respectively
linear and non linear). The second model gives a far supe-
rior adjustment than the first, especially in the visible range
and around 2µm even if it is not perfect. Additional work is
required to refine the surface representation we use. At this
point we can draw the following conclusion: the “islands” are
dominated by medium-size grains of water ice mixed with 10-
30% of dust in volume. Dry ice is not required to achieve a
satisfactory modeling. Another situation prevails at the bor-
ders of the permanent polar cap where water ice shows up.

As shown by MNF transform and confirmed by the modeling,
these water occurrences are less dusty and present substantial
amount of CO2 ice.
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   Linear Mixture

CO2  0%   
H2O 40%     50 µm
Dust 60%     70 µm

 
   Granular Mixture

CO2     0%  
H2O   10.%    120 µm
Dust   90.%      36 µm

Figure 3: Modeling an H2O-rich spectral endmember extracted
from the circumpolar region.

DISCUSSION:
Our work assesses the coexistence mode, abundances and

physical state of the compounds (H2O, CO2, and dust) form-
ing the first few millimeters or centimeters of the southern po-
lar terrains on Mars during late summer. It also provides new
insights about the nature of the ices.

Permanent South Polar Cap: The superficial CO2 ice of
the permanent cap is in an advanced state of metamorphosis
as indicated by its very coarse grains and may be sublimat-
ing. The presence of trace amounts of H2O can be accounted
for by two possible processes that are not mutually exclusive:
either cold trapping of gaseous H2O diffusing from the cir-
cumpolar region or segregation of water ice already present
in the sublimating dry ice deposits. The mean grain size (of
the order of 100µm), if compared to the granularity typical
of fresh frost (≈ 10µm), suggests coarsening and thus dom-
inance of segregation. We likely detect here H2O that came
from the northern hemisphere and co-condensed around nu-
clei with CO2 in the atmosphere before being deposited at the
surface during southern winter.

Water ice: The extent and dust content of the “islands”
of solid water within the polar dunes could suggest outcrops
of perennial ice. However the mean grain size (≈ 100µm)
is an order of magnitude smaller than values reported for the
permanent North Polar Cap or the surrounding H2O circum-
polar deposits after summer solstice [8]. Consequently the
“islands” could rather constitute large areas covered by sea-
sonal H2O frost that do not sublimate during summer. The
high dust content would be explained by contamination from
the neighboring polar dunes.
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