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Abstract. New analysis of Mars Observer Camera (MOC) images and Thermal Emission Imaging System (THEMIS) data
focussed on West Syrtis Major show that this region, usually interpreted as typical of in-situ bedrocks, is covered by a dark
mantle which could result from a transient deposition of suspended fine particles still active until a few million years ago. To
help address the questions of the nature of these low albedo regions covered by blankets, we revisited the surface composition
modelling Imaging Spectrometer (ISM) spectra with a radiative transfer model, the strength of such a modelling method being
to aid in determining appropriate endmembers as well as their relative abundance, their grain size, and the type of mixture
(sanddust). Two distinct surface compositions (basaltic sand vs./dastimixture of pyroxenes and oxides) are possible. The
solution more consistent with the geomorphic analysis is the/dastdmixture with a large proportion of dusty grains of
oxides angbr pyroxenes (about 50—-60%). This implies that Type 1 plagioclase-rich lithology derived from Thermal Emission
Spectrometer (TES) is not required by NIR data. This work gives new evidence of the presence of dark dust on the surfact
of Mars.
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1. Introduction by plagioclase (50%) and clinopyroxene (20%, mostly augit

Cooper & Mustard (2002) then confirmed a 20% clinopyroxe

Determining a _repr.esentative crusta_l composition Of_Maf%ction for TES Type 1 from ISM spectra, and suggested t
would help putting important constraints on thermal history, jations in the visible and near-infrared observations co!

and internal structure, and is a major objective of present agd . snirolled by dust or other thermally neutral materials. T

future space missions. Syrtis Major, a low volcanic shield %ﬁm of the present paper is to study new morphologic evide!

Hesperian age, is usually presented as characteristic of Marﬁb‘?&vided by MOC and THEMIS high resolution images in tf
bedrock, in particular because of its very low albedo and thg-g Type 1 main area, and to reanalyze ISM spectra of {
presence of two small calderas in its center. Early orbital Obs?é'gion using a more qu:;mtitative approach.

vations in the NIR range (e.g., Erard et al. 1991; Mustard et al.

1993) suggested that the western and central parts of the shield,

with marked mafic signatures, have significant eXposureS?.fGeomorphic analysis
bedrock or locally derived materials. Mustard et al. (1993) in-

terpreted the ISM observations as dominated by augite-beat@C images of West (W) Syrtis Major show a smooth st
basalts and estimated the pyroxene composition. Mustard efate texture lacking the features typical of lava flows (Fig. 14
(1997) derived a two-pyroxenes mineralogy consistent wittarge impact craters of several hundred meters have smt
basaltic SNC meteorites, with the largest fraction of highims and partially filled interiors, and only few impact crate
calcium pyroxene in the ISM data set observed in West aathaller than 100 m are visible. Figure 1B represents all cré
central Syrtis. Murchie et al. (2000) confirmed that this matsize from data available at all scale (MOC to Viking MDIM
rial is one of the two main endmembers in the ISM data sglptted over the isochrons defined by Hartmann & Neukt
the mixture of which describes 80% of the observed regiof001). Craters larger than 1 km follow the isochron of 3 (
Bandfield et al. (2000) and later Hamilton et al. (2001) identiiving the age of the volcanic plain (Hesperian age). This ¢
fied this area as the type region for TES Type 1 dark materiadsirface should be saturated of craters smaller than 25C
which is interpreted as basaltic with a composition dominatétbwever, there is a strong depletion of craters smaller tt
500 m. This depletion indicates a resurfacing process that
Send gprint requests toF. Poulet, active until a few million years ago according to isochror
e-mail: francois.poulet@ias. fr Recent lava flows are unlikely to explain such depletis
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Fig.2. Mosaic of night-infrared THEMIS images (over Viking
MDIM). Bright areas correspond to higher thermal inertia, while dark
areas indicate lower thermal inertia. Close-up A shows the caldera
U T T T T T T T T T T T of Nili Patera with outcrops of bedrocks and dune fields on the left.

o : G L Close-up B, over the area analyzed, is devoid of bedrock with excep-
¥ Themis DayIR 02282009 tion of the rims of small craters. The area of study corresponds to
10 O Viking MDIM coordinates 67 to 67E and 4SN to 8N.

from dust and sand (Fig. 2). On the first order, sand and dust are
low thermal inertia materials corresponding to low night tem-
peratures, in contrast to rocks which have higher thermal inertia
and display higher night temperatures. According to the mosaic
in Fig. 1, bedrock is exposed mainly inside Nili patera (bright
areaon close-up A) and SW of Meroe patera. By contrast, most
of the terrains have a cold nighttime thermal response typical of
fine grains, such as the dunes field observed close to Nili patera
. % (gray area at left on close-up A). These “cold” terrains exhibit
IR RV rocky material only on the flanks of small impact craters or on
km 8 1632 64 126 2% the ejecta of fresh craters (close-up B). In the box area well
B Crater diameter covered by THEMIS images (Fig. 2), these outcrops represent
Fig.1. A) MOC image M08-04241 (MSS3PL/NASA) typical of strictly less than 5%, showing the predominance of fine grain
W Syrtis Major. The surface is smooth, the largest craters are partigiyaterial.
fiIIe.d and feyv small craters are visib.IB.) Crater count of W Syrtis Edgett & Malin (2000) proposed the occurrence of a dark
Major over images from MOC to Viking scales. The depletion o(%t]olian mantling in parts of Syrtis Major. Since dune fields are
cra.ters smaller than 500 m shows the obliteration of small cratersne;t frequent, mantling by deposition of suspended fine parti-
eolian processes. ' . :
cles could explain the smoothness of the surface. Easily re-
movable dust is unlikely because it would produce a thermal
because flows are punctual episodes which are not ablenertia lower than observed, while either compacted dust and
produce a constant depletion like that observed. On the céilt-sized particles, or a mixture of loose silt and sand-sized
trary, such shift of plot from the isochron is typical of progregarticles would fit.
sive resurfacing like observed in Arabia Terra from the depo- The origin of these dark grains is likely the volcanic units
sition of bright dust (Hartmann & Neukum 2001; Vincendobf Syrtis Major. However, the original composition of the sur-
et al. 2002). An eolian filling process is therefore the mofdce lavas, typically plagioclag®sroxengolivine, may have
likely to explain the smoothness of the surface at the MOghanged significantly during the more than 3 By of surface
scale (Fig. 1A). According to the rim-to-width ratio of impactveathering. The surface may have been submitted to chemical
craters, the obliteration of craters as large as 500 m impliealeration, gardening by small impacts, mechanical disruption
minimum thickness of deposits of about 20 m (Vincendon et &ly frost and sorting due to wind action which preferentially
2002), inconsistent with the assumption of large bedrock exgaep the hardest particles at the surface during time. Moreover,
sures in W Syrtis Major. the surface may have been enriched by exogenous particles
The non-bedrocky view of the area is further supporteslich as ash deposited from post Syrtis flows activity. The ef-
by the analysis of thermophysical properties. Mellon et décts of all these processes are not well understood yet, but the
(2000) first noted that the low thermal inertia values (18@ensequence is that the final nature and composition of the cur-
300 Jm?K 1505 measured by IRTM and TES in Syrtisrent mantling is likely dferent from the original lavas, at least
are characteristics of fine-grained sand rather than bedrackerms of quantitative proportion of each minerals. The nature
THEMIS night IR images are here used to distinguish bedroakd the composition of this blanket are therefore quantitatively
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addressed in next section by modelling ISM spectra of W Syrtibsidians and phyllosilicates were included in some fi
Major with a scattering model. However, they were rejected because they produce prc
nent OH- and H20- features when present even in very sn
amount (5%) (Poulet et al. 2003). Some rare very dark hig
iron clays wich exhibit bands at 3.0m only (Calvin &
3.1. Spectral data King 1997) were also tested. Berthierine could be a possi
endmember and play the spectral role of the oxide mine
We used fully calibrated ISM data in the Syrtis-Isidis ses4owever, we did not consider such endmembers further
sion from the PDS archive oimiw.ias. fr/cdp/Base ISM/ cause of their rarity. Other common minerals such as plac
INDEX.HTM. Extra processing includes correction for atma:jase and olivine were also considered. The optical constant
sphering absorption, aerosol scattering and photometeicts, the possible component are calculated from reflectance spe

and registration of the two ISM spectral_orders. This providgs the USGS (Clark et al. 1993) and RELAB librairies, usir
the normal albedo of surface area5 km in size. A smoothed the inversibility of Shkuratov model. This is discussed and

aerosols spectrum is subtracted from the data after scalingsié§sed by Poulet & Erard (2003).

magnitude to the geometry of observation (Erard et al. 1994).

A Minnaert function withk = 0.87 independent of wavelength

is used for the photometric correction. The resulting spectra &&. Choice of the end-types of surface and results
characterized by lower albedo, larger spectral contrast in the 1-

and 2um absorptions, and a change of the spectral slope Béie geomorphic analysis shows that the dark blanket wh
tween 0.8 and 2.6m from blue to graslightly red. covers large parts of W Syrtis Major can be formed by fil
grains rather than coarse grains. Particle size range for t
and drift material on Mars is estimated to be 0.1 to 0
(Christensen & Moore 1992). Consequently, submicronic p

One of the significant challenges to the use of reflectance spé@es (also called dust) are investigated. The three investige
troscopy for quantitative analysis of planetary soil compogind-types of surface are thus: dust (mixture of particles
tion is separating theffects of particle sizes from compositionSize < wavelengthl), sand (intimate mixture of particles o
Employing scattering models to explore the extensive paransé€> 1), dustsand mixtures. Each ISM spectrum is fit by of
ter space presents the advantage to take into account the if#fiizing the grain sizes and the fractions of endmembers
ence of grain sizes and all members including spectrally neuach type of mixture. The optimization is performed using
components. The Shkuratov radiative transfer model is here 8gwnhill simplex procedure (e.g., Press et al. 2002). The t
plied for fitting the spectra (Shkuratov et al. 1999). Poulet et f0isiest regions of the spectragk 1 < 1.7 andd > 2.55um)
(2002) showed its degree of realism andfiiéency relative to are not taken into account. It must be stressed however tha
other scattering models, and in particular to the Hapke modefin limitation of our fits is not related to the signal to nois
and its derivatives. The model has been also tested to deternff#fi0, but rather to the absolute accuracy of the spectral calil
the type of mixture (intimate, areal or bedrocky), the relatiiéon applied.

proportions, and the grain sizes of components of laboratory Dust-only mixtures provide the less good fits to t
mineral samples (Poulet & Erard 2003). Finally, the Shkurat@pectra, even when a large number of endmembers
model has an important property: it is invertible, i.e., the sper 9) is considered (Fig. 3A). We therefore discard t
tral absorption cacientk of a given material can be estimatedolution, although we notice that the fits are margina
from reflectance data given the grain size in the sample and@eptable given the absolute accuracy of the data.
priori knowledge on the real part of refractive index (whiclbbservations are best reproduced by a mixture of coe
may be considered constant in the NIR). Given the optical cqgarticles of pyroxenghematit¢gmagnetitgoliving/plagioclase.
stants of the endmembers, the model has two free paramekgs@ever, large fractions-60%, Fig. 3B) of hematite or mag-
for each endmember: the average grain size and the relatiegite in very big particles are required to fit the low albed
abundance. which should have been detected by TES (Hamilton et
2001). Another solution to lower the albedo is to consider |
homegeneous or “dirty” plagioclase grains containing incl
sions of other components such as iron oxide and pyrox
We selected possible endmembers by trying to satisfy the fodther than “pure” plagioclase. This type of grains whose sc
lowing characteristics of the spectra: low albedo, shape aeding properties are calculated bffertive medium theories
depth of the 1- and 2 absorptions and spectral slope. LowBohren & Hufman 1983) can simulate the reflectance sps
and high-calcium pyroxenes were obviously included, as weth of basalts (Poulet & Erard 2003). An example of fit k
as olivine. A spectrally featureless low albedo componentanmixture of pyroxenghematitgolivine/dirty-plagioclase (re-
the NIR is also required to lower the average spectral rerred to as basaltic sand) is shown in Fig. 3C. This type
flectance and to reduce the spectral contrast. Oxides suchmagure gives residuals only 10% larger in average than ¢
magnetite display this neutral opaque behavior. Hematite waest fit solution (see below) so that it is still considered
also considered because of its low albedo and its @85 an acceptable fit; however, it does includes rather large co:
absorption. Other minerals such as common amphiboleagioclase grains, that would probably producdfedent

3. Surface composition analysis

3.2. Choice of the scattering model

3.3. Choice of the endmembers
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Zzzf roction(@) b7 SaF San  MeG T HEM 71;: 4. Discussion and conclusion
g 020 e ——— - —of  Our goal is now to combine the spectral modelling results with
<ok R ;o,gsg the geomorphic analysis. Our spectral study evidences two pos-
oo ~e_— ® Joso  Sible, distinct, surface compositions (basaltic sand or/strsd
00sE RMS = 0000273416 Joas mixture), while the smoothness of the Syrtis Major regions
o "o wevelangth (a3 7o o studied here is in favor of a dark mantle of several meters in
S action®) A 1" depth resulting from a transient deposition of suspended fine
0.25F size (um) 3933 29 38 1248 1103 —1.05

particles. The saridust mixture solution (a four-component
intimate mixture of LCP, HCP, olivine, and hematite coarse
grains mixed with a large proportion of dusty grains of ox-
0.90 ides andor pyroxene), is therefore more consistent with our
geomorphic analysis. The other solution which corresponds to
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from TES data (Bandfield et al. 2000; Hamilton et al. 2001)
with pyroxene contents 0of~R5%) and plagioclaggyroxene
ratios ranged between 1.3-2.4. However, such a mixture would
0.90 probably produce a fferent surface morphology with sand

e - P 085 dune rather than the observed dark blanket. The solution more
Wovelength _(um) consistent with geomorphology thus contains no plagioclase.
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0.30 3 3110 . ) . .
fraction(%) 022 005 008 040 052 ] This does not mean that plagioclase is totally lacking. However,
0.25— size (um) 18 49 466 141 *:W 05

given the lack of spectral features of dirty plagioclase in the
NIR range, an upper limit of the abundance of this endmember
can be estimated to 10-15%. The possible disconnection be-
e — 55 0 *%  tween ISM and TES observation modellings could result from
S s - 2 % the fact that NIR data are much more sensitive to thin coat-
Wovelength - (um) ings than thermal IR data, so that TES data may not detect
Fig. 3.A representative low albedo spectrum (thick dark line) and fol@rge amounts of dark dust. However, this explanation is likely
modellings (red line) for dferent types of mixtureA) Dust mixture, uncorrect, because the geomorphic analysis indicates a dark
B) Pure sand mixtureC) Basaltic sandD) Sanddust mixture. The mantle of several meters in depth. The potential lack of basalt
datgmodel ratio allows a rapid qualitative assesment of the accuragjth plagioclasgpyroxene-1 is also supported by Minitti et al.

of each fit. The fraction and average grain size are indicated for §®0)02) who showed that a plagioclase-rich lithology is not re-
various endmembers, as well as the RMS errors. quired by the TES data.
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Particles sorting of grains is a veryfieient process that
could modify the proportion of the material of the host rock
even without chemical weathering, and result in low pla-
gioclase content. For instance, some volcanic sands in New
Zealand contain up to 80% of titanomagnetite (Nicholson &

surface morphology with sand dune rather than the obserya¢fe 1958). Processes of particle sorting specific to Mars in-
dark blanket. An additional constraint is therefore to fit theéolving long term eolian activity or impact cratering dur-
spectra with dusty aridr moderate size coarse particles onlyng 3 By could thus have produced such regional enrichment of
Our best fits are actually obtained with a sahbt mix- material. The occurrence in large proportion of magnetite (or
ture (Fig. 3D): a four-component sand mixture of two pyroxitanomagnetite) in the low albedo region of Syrtis is also con-
enes, olivine, and hematite, and a large fractisBQ0) of Sistent with the observation of a significant proportion of mag-
a dust phase including magnetite, hematite/angyroxene. netic grains in brighter regions of Mars like in the landing site
We outline that both high- and low-calcium pyroxenes (respe@f Pathfinder (e.g., Gunnlaugsson et al. 2002). Alternatively,
tively HCP and LCP) are required in the sand. The distributidhe surface composition derived here may result from regional
of fit mixing ratios for these five components in W Syrtis Majo@lteration processes (e.g., Bishop et al. 2002). Finally, this work
shows low dispersions: 1294, 8+3, 10+1.7, 9+3.7, 63+7 gives new evidence of the presence of dark mantle of silt sized
for HCP, LCP, olivine, hematite and dust respectively. That sugpaterial on the surface of Mars was already identified by past
gests that most ISM pixels there are similar in composition, apfotopolarimetric, geomorphic and thermophysical observa-
covered by homogenized surface materials. The mean gré@is compiled by Edgett & Malin (2000).

sizes are 3@ 14um, 24+ 14, 516+ 123 414+ 139 for the Regarding to our method of analysis, systematically com-
HCP, LCP, olivine, and hematite components respectively. lAning geomorphologic, thermophysical properties, NIR spec-
certain amount of dirty plagioclase may be present insteadtd and radiative transfer theory to model the spectroscopic
coarse hematite and dusty particles but in a proportion smallesults can provide an important incremental step in under-
than 15%. standing the composition surface analysis. This procedure will
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help clarify rock lithology on Mars from future investigationdHamilton, V. E., Wyatt, M. B., McSween, H. Y. Jr., & Christenser
with forthcoming space missions. P. R. 2001, J. Geophys. Res., 106, 14733
Hartmann, W. K., & Neukum, G. 2001, Space Sci. Rev., 96, 165
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