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Mars



Mars

• Red point in the sky

• Greek god of War



Schiaparelli’s map (1877)

• Drawing using persistence of vision



• Annotated 
photograph 
(1905)

• Martian 
civilization 
interpretation

Lowell’s map



Space exploration

Mariner 4 (1965)

• Crater

• Desert



Mariner 9
(1972)

• Olympus Mons

• Volcan Hawaïan type 
volcano (25 km high)

• Inactive



Mariner 9 (1972)

• Polar cap

• Water ?



Mariner 9 
(1972)

• Dendritic 
valley 
network

• Liquid water 
in the past ?



Mars Reconnaissance 
Orbiter (2011)

• Present time 
active flow

• Summer at mid-
latitude (~30°S)

• Water ? brines ?

• Photophoretic 
effect ?

McEwen et al., 2011
Schmidt et al., 2017



Spectroscopy



Spectroscopy from ground

• Jules Janssen, 1867 : Mont Etna

• Water vapor on Mars

• No atmosphere on the Moon

• Approximative Earth 
atmosphere correction
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Fig. 3 (left). Calibration with the laboratory spectrum of gaseous methane and ammonia.
infrared "reflection-absorption" spectrum of solid C02 (77°K).

in the present work. In the case of ox-
ygen, the intensity of the forbidden
band is sensitively dependent upon
deposition conditions; it becomes about
four times more intense if the deposi-
tion is carried out at 4°K. All of the
evidence indicates that the feature ap-
pears because of lattice imperfections,
a thesis strongly supported by the en-
hancement of the band after the delib-
erate addition of inert-gas impurities
(12). The evidence suggests that the
band at 3013 cm-' observed in the
laboratory spectra is due to the for-
bidden (0,0,0) -- (0,1,1) transition of
solid CO., appearing because of lattice
imperfections (surface sites, impurity
sites, vacancies, stacking faults, or
grain boundaries). We believe that the
same explanation is probably applica-
ble to the martian spectral feature at
3020 cm-l. The appearance and fre-
quency of the feature are also con-
sistent with the spectrum of gaseous
methane, but the more mundane ex-
planation seems more likely (13).
Though the band near 3300 cm-' was

498

difficult to obtain in transmission
spectra, its presence in the "reflection-
absorption" spectra suggests that this
band, too, should be attributed to solid
CO.).

There remains the need to explain
the lack of intensity correlation be-
tween the bands at 3020, 3300, and
4900 cm-1, if they are all to be at-
tributed to solid CO,. Furthermore, we
must rationalize the disappearance of
these features at the more southerly
latitudes if the polar cap near the pole
is attributed to solid CO,. Several pos-
sibilities are under investigation. The
edge of the polar cap could be
shrouded by a solid CO. cloud (or
fog) which the spectra suggest clears
at the more southerly latitudes and
more easterly longitudes. This would
explain both discrepancies since cloud
height, thickness, and coverage could
vary during the 10-second period
needed to obtain a spectral record.
Such a cloud should, however, be de-
tectable through poorer definition in
the television pictures near the edge of

the polar cap, an observation that has
not been reported. If the solid CO. we
observe is on the ground, then its spec-
trum at the edge of the polar cap must
differ quite significantly from that
nearer the pole. The difference may be
due to the thickness of the layer, par-
ticle size, the inclusion of impurities
(such as water), or different growth
conditions. It may be significant that
the southern polar cap may recede only
to latitudes near 80°S.

It is clear that our continuing studies,
directed at laboratory reproduction of
the spectra of the martian polar cap,
will settle more definitely the proper
assignment of the two 3-,u features.
For the present, the interpretation that
they are due to solid CO2 must be pre-
ferred, despite the fact that other ques-
tions remain that must be considered
further.

KENNETH C. HERR
GEORGE C. PIMENTEL

Chemistry Department and Space
Sciences Laboratory, University of
California, Berkeley 94720

SCIENCE, VOL. 166

Fig. 4 (right). Laboratory near-

Spectroscopy from orbit

• Mariner 7

• First spectroscopic evidence of CO2 ice
Herr et al., Science, 1970

CO2 iceMars



Hyper
spectral 
images



Hyperspectral instrument
Imaging spectrometer:

OMEGA Near infra-red : 
• C Detector between 1 and 2.6 microns

• L detector between 2.6 and 5 microns

Spatial sampling : ~ 1 km
Spectral sampling : 0.01 microns

DATASET : 1000 Cubes of  
256 spectels, 256 lines * 2000 columns = 500 000 pixels each

Bibring et al., 2004



Contribution :
• atmosphere
• surface

The NIR signal
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 Hyperspectral images

1. Mapping the composition

2.  Mapping the physical state



Mineral Mapping

• pyroxene

very small, and they might be nanocrystalline
red hematite a-Fe203 or possibly maghemite
g-Fe203. Such small particles would be easily
transported, stick on most grains, and account
for the magnetic properties of the soil measured
by the MERs (16). Ferric oxides are also de-
tected in localized areas with a variety of
albedo (such as within Terra Meridiani, Valles
Marineris, or Aram Chaos).

Two types of hydrated minerals have been
identified from OMEGA data: phyllosilicates
(10, 17) (Fig. 2B) and sulfates (10, 18–20) (Fig.
2C), but in only a few locations (17) (Fig. 3).
Carbonate-rich areas have not been found by
OMEGA, although a low concentration of car-
bonate is interpreted from TES data on martian
dust (21), and carbonates are recognized in
martian meteorites (22).

From their near-IR (0.8 to 2.6 mm) spectra,
we infer that most of the phyllosilicate minerals
are Fe-rich (such as chamosite and nontronite),
although Al-rich phyllosilicates (such as mont-
morillonite) are locally dominant (17). These
clayminerals are found in a variety of light-toned
outcrops and scarps, primarily in rocks and soils
north of the Hesperian-aged Syrtis Major volcan-
ic plateau, Nili Fossae, and the Marwth Vallis
regions. In all these regions, phyllosilicates are
mapped associated with ancient Noachian-aged
surfaces. For example, in Nili Fossae, thin
Noachian-aged but unaltered mafic units rest
directly on phyllosilicate-bearing outcrops. Infor-
mation from the Mars Express HRSC, the MGS
MOC, and the Odyssey THEMIS images clearly
indicates that the phyllosilicates are in rocks
buried by more recent deposits; the hydrated
silicate-bearing bedrock has been exposed

through erosion. The surface material of Noachi-
an terrains, which are identified as being heavily
cratered, does not necessarily all date from the
Noachian times. Rocks of Noachian age are
exposed in spots because of impact, faulting, or
erosion.

In the Syrtis Major and Nili Fossae regions,
phyllosilicate-rich rocks are detected in both
ancient craters and material recently excavated
from ancient terrains beneath a later volcanic
cover. These relations demonstrate that these
impacts did not dehydrate the minerals. In con-
trast, no hydrated minerals are detected in the
lobate craters (thought to form by impact into
volatile-rich substrates) within the lava flows
from Nili Patera, which embay the ancient
terrains (10). This relation suggests that miner-
alization of hydrated minerals occurred before
the emplacement of the Hesperian-aged lavas
from Nili Patera and that these lavas are
essentially water-free. In the Marwth Vallis re-
gion (Fig. 4), hydrated minerals are not found
in the channel nor in its opening but rather on
the surrounding plateau and its eroded flanks.
Thus, water associated with the formation of
the channel did not lead to phyllosilicate for-
mation, although this outflow was sufficient to
produce severe erosion, including exposing the
ancient clay-rich minerals. So far, none of the
major and minor outflow channels or the valley
networks show evidence of hydrated minerals.

Sulfates, including Mg sulfates (such as
kieserite) and Ca sulfates (such as gypsum), con-
stitute the second major class of hydrated min-
erals mapped by OMEGA and detected by the
NASA rovers (7). OMEGA has shown that the
sulfate-rich areas are not restricted to the gray

hematite-rich regions detected by the MGS
TES (2, 5, 6). We have detected three principal
types of hydrated sulfate deposits: layered de-
posits within Valles Marineris, extended deposits
exposed from beneath younger units as in Terra
Meridiani, and the dark dunes of the northern
polar cap (10, 18–20).

Sequential mineral formation. Environ-
ments conducive to clay mineral formation
may have existed at or near the surface or in
the deeper subsurface. Surface or near-surface
conditions would not require high-temperature
conditions (hydrothermal, for example). Sur-
face formation of these clay minerals would
indicate a long-lasting wet episode, with large
surface aqueous reservoirs and alkaline water
resulting from this chemical alteration, oc-
curring during the Noachian.

Clay minerals could also have been formed
primarily in the subsurface, by one of the three
following processes: hydrothermal activity (23);
cratering, supplying subsurface water (liquid
and/or ice) to the impacted minerals (24); or dur-
ing the cooling of the mantle, if not thoroughly
depleted of volatile compounds. These deep
scenarios would not require a warm Mars to
have existed over extended time scales, and
they could have taken place even if Mars never
sustained a dense atmosphere. In addition, the
formation of clay minerals could have con-
tinued at greater depths long after conditions at
the surface became unfavorable.

Sulfate mineral formation requires substan-
tial quantities of water to account for the broad
distribution of minerals seen by OMEGA. Be-
cause sulfate precipitation requireswater to evap-
orate, it is essentially a surface process. For at

Fig. 1. Global maps
of pyroxene (top) and
anhydrous nanophase
ferric oxides (bot-
tom), exhibiting the
anticorrelation be-
tween surface mafics
and altered minerals
(in the form of ferric
oxides). The cratered
crust with large pyrox-
ene content (top, yel-
low to red) is not
covered with altered
minerals (bottom, blue
to green). Conversely,
the large areas with no
mafics (top, blue) cor-
respond to the higher
concentration of ferric
oxides (bottom, red to
white).
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• ferric 
nanophase 
oxides

Bibring et al., Science, 2006



Residual Martian caps

H2O

H2OCO2
1100 km

400 km

1 km

CO2 +H2O

CO2

CO2

North

South

1 km

H2O



Mapping 
CO2 and 

H2O

Seasonal 
South Polar 
Cap recession 
in 2005

Schmidt et al., TGRS 2007 
Schmidt et al., Icarus 2009



 Hyperspectral images

1.  Mapping the composition

2. Mapping the physical state



Mixing mode ?

• areal

• intimate

• intra-grain

snow grains considered in this work are very large spheres,
where coherent backscattering is unlikely to be observable
(Mishchenko, 1992, 1996; Hapke, 2002), we adopt Hapke’s
anisotropic multiple-scattering approximation without the
coherent backscattering correction term:

BDRðm0;m; gÞ ¼
$

4p
m0

m0 þ m
f½1þ BðgÞ&PðgÞ þMðm0;mÞg,

(1)

where m0, m and g are the cosine of the incident zenith, the
cosine of the viewing zenith, and the phase angle,
respectively. P(g) is the single-scattering phase function
(normalized to 4p), $ is the single-scattering albedo, and
B(g) is the enhanced backscattering correction factor due to
the shadow-hiding opposition effect (also called hot-spot or
bright shadow):

BðgÞ ¼
B0

1þ ð1=hðtanðg=2ÞÞ
, (2)

where the parameters B0 and h control the amplitude and
angular width of the hot-spot, respectively.

The multiple-scattering term is given by

Mðm0; mÞ ¼ Pðm0Þ½HðmÞ ' 1& þPðmÞ½Hðm0Þ ' 1& þ D½HðmÞ ' 1&½Hðm0Þ ' 1&

(3)

where

PðxÞ ¼ 1þ
X1

n¼1
AnbnPnðxÞ, (4)

D ¼ 1þ
X1

n¼1
A2

nbn, (5)

An ¼
ð'1Þðnþ1Þ=2

n

1( 3( 5( ) ) ) ( n

2( 4( 6( ) ) ) ( ðnþ 1Þ
n odd and

An ¼ 0; n even. ð6Þ

H(x) is the Chandrasekar’s function approximated by:

HðxÞ *
1

1'$x½r0 þ ð1' 2r0xÞ=2 lnð1þ x=xÞ&
,

r0 ¼
1' ð1'$Þ1=2

1þ ð1'$Þ1=2
ð7Þ

and the terms bn are the Legendre expansion coefficients of
the phase function:

PðgÞ ¼ 1þ
X1

n¼1
bnPnðcos gÞ. (8)

Although Hapke’s hot-spot function B(g) can increase
the BDR value’s single-scattering part at a 01 phase angle
by a factor as great as 2, its B0 parameter seems hard to
predict. The theoretical derivation of the opposition effect
assumes that the ray is scattered by a point; that is, the
finite size of the particle is neglected. However, the
refracted rays and the internally reflected, backscattered
rays may enter and leave the particle at points that are

separated by up to nearly the entire particle diameter, and
for this light the opposition effect is negligible and B0+0
(Hapke, 1993). Moreover, the B(g) function decreases
rapidly as g increases. For the high 36.361 phase angle of
PFS observations and for values of B0 as high as 0.5, we
found the contribution of this effect being less than +8%
of the total BDR even for large monodisperse CO2 ice
particles (h+0.26). If the snowpack has a wide range of
sizes, then h can be much smaller, reducing the opposition
effect (a surface without voids does not have a shadow-
hiding opposition effect). This term has thus been neglected
in our model. If needed, one may still approximately
account for the shadow effects by adding small constant
values to the computed BDR (Hansen et al., 2005), but this
has never been necessary in our fits.
We used optical constants of CO2 ice from Hansen

(1997). H2O ice optical constants are from Hansen (1999);
dust optical constant are from Hansen (2003). The surface
is described as semi-infinite layer of particulate medium.
The polar caps ice have been modelled as an intimate
granular mixture (Fig. 4) of CO2 ice with different grain
sizes, and dust and water ice with radii on the order of
1–3 mm, consistent with measurements of atmospheric
aerosols of these materials (Wolff and Clancy, 2003). More
precisely, the geometric cross-section weighted mean
particle radius adopted for dust size distribution is
reff ¼ 1.6 mm, with a variance of the gamma size distribu-
tion neff ¼ 0.35 mm (Tomasko et al, 1999). For water ice, we
used a modified gamma size distribution (Deirmidjian,
1964) with rm ¼ 0.4 mm, a ¼ 2 and g ¼ 0.5, which corre-
spond to an effective radius of reff ¼ 2.75 mm and effective
variance of neff ¼ 0.4 mm (Toon et al., 1977). The main
input parameters are the CO2 ice grain radius, the water
ice mass fraction and the dust mass fraction, as well as the
incidence, emission and phase angles. The output is the
BDRs. For the CO2 monodisperse spheres we deter-
mine first the single-scattering quantities of the particles
including the phase function, single scattering albedo,
asymmetry parameter, and scattering and extinction
efficiencies by using Mie theory. Then we introduce these

ARTICLE IN PRESS

areal
mixture

dust
patches

surface
grains

intimate
mixture

intra-
mixture

Fig. 4. Different CO2/dust mixtures (modified from Langevin et al.,
2005b).

M. Giuranna et al. / Planetary and Space Science 55 (2007) 1328–1345 1333



Grain size ~ free mean path

Spectral shape = physical state

100 µm 

10 mm 

Douté, et al, JGR, 1998 Schmitt, et al, Solar System Ice, 1998



Example: Richardson

50 km

N

R : 492 nm  G : 533 nm  B : 592 nm

5 km

(a)

N

0 250 500
m CRISM pixel

jeudi 17 novembre 16

CP1
CP2

DS1

DS2

(b)

Figure 3: (a) localization of Richardson crater, Mars. The back is a polar projection map centered on the south pole of Mars,
from (Hansen et al., 2010), where the limit of the seasonal CO2 ice deposits in the middle of the spring (220°< Ls<225°)
is represented in white. A MOC image of Richardson crater, located at 72.6°S, 180.4°W, is superimposed, and then a map
projected color composition of a CRISM cube FRT000052BC (LS=213°). (b) Detail of areas of particular interest: extract from
the CRISM color composition in (a) superimposed on an extract from HiRISE image PSP_002542_1080. Two control points
(CP1 and CP2) and two points of particular interest that show defrosting activity (DS1 and DS2) were defined.

be close to identical allowed us to estimate that level of noise at approximately 3% of the signal, consistently

with previous studies (Ceamanos et al., 2013; Fernando et al., 2013).

3.3. Atmospheric correction

The atmospheric gas contribution was corrected using ab initio line by line radiative transfer calcula-

tions(Douté, 2014), based on general circulation models (GCM) predictions (Forget et al., 1999; Forget

et al., 2006). The mineral aerosols atmospheric contribution was corrected using aerosols optical thickness

(AOT) estimations by Wolff et al., 2009 and the method developed by Douté et al., 2013, that take into

account the radiative coupling between gas and aerosols. No correction method has proven 100% efficient

to remove the aerosols contribution for CO2 ice covered areas (Vincendon et al., 2007, 2008; Smith, 2009;

Wolff et al., 2009; Ceamanos et al., 2013; Douté et al., 2013; Douté, 2014). Therefore, we expect correction

errors, that have to be taken into account in the inversions. We chose to estimate that level of error, and to

introduce it in the inversion framework as a source of uncertainty.

As shown on figure 5, the atmospheric corrections may introduce a bias in the data in case of a sloped

facet: in this graph are represented two spectra from the same region during summer. The whole area is

homogeneously covered in dust and thus is not expected to show any spectral variability. The variability here

is correlated with photometry, and thus attributed to a bias in atmospherical corrections. The bias as been

12



Richarson

(Forget et al., 2006, Millour et al., 2014)
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Scenario

CO
2
 ice

• CO2 ice + dust 
+ water ice



Scenario
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 ice

• Dust removal
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Scenario

• Cold trap

CO
2
 ice

Condensation
sublimation



Geyser
Translucent slab ice in the SSPC:

•  Almost everywhere

•  Change in space and time

• Origin of the geyser?

Kieffer, 2000 ; Piqueux, 2002 ; Kieffer, 2007Andrieu et al., 2018
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angular 
images



One grain

• Multiples interactions: absorption, diffusion, diffraction

Introduction: Physical principle

Light / granular surface interaction

at granular surface scale

incident 
ray

reflected 
ray transmitted 

ray (1 time)
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Granular material

• Multiples interactions: absorption, diffusion

Introduction: Physical principle

Light / granular surface interaction

at granular surface scale

incident 
ray

reflected 
ray transmitted 

ray (1 time)

diffrated 
ray

transmitted ray 
(2 times)

internal 
reflected ray

incident ray
specular 
reflection 

component

diffuse 
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diffusion
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Spectro-photometry

• Photometry

Surface Surface

Surface Surface

nadir view / ∀λ

∀ views / 1λ0.20
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40 60 80 100 120

Re
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scattering 
bahaviorphotometric curve

• Spectroscopy



Instrument

Surface

…!

Surface!

Atmosphere!

target!

11th!6th!1st!

…!

"≈70º! "≈70º!"≈0º! "≈30º!"≈30º!

$in! $out!Atmosphere

nadir 
image

incoming 
EPF

outgoing 
EPF

Targeted observations 
11 multi-angle images

Murchie et al., JGR, 2007

10 off-nadir images (180 m/pxl) 
eme±70°, constant inc
1 nadir image (20 m/pxl) credit: http://crism.jhuapl.edu

Hyperspectral image 
(0.36 to 3.92 μm)

CRISM (Compact Reconnaissance Imaging Spectrometer for 
Mars in Mars Reconnaissance Orbiter spacecraft)

http://crism.jhuapl.edu
http://crism.jhuapl.edu


Spaceborne image correction

• Atmosphere contribution: aerosols + gaz

Surface

BRF
Atmosphere

gaz

aerosol

gas/aerosol and 
surface signal

Surface

BRF
Atmosphere

aerosol

aerosol and 
surface signal

Surface

ρ(i,e,g)

surface signal

Ceamanos et al. JGR, 2013



Diffusion = microtexture

Experimental study on 
artificial, isolated, and 
centimeter particles

26
GEOPS

J. FERNANDO - november, 4th 2014 - GEOPS

Methodology
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Figure 20. The typical values of b and c (Henyey-Greenstein phase function parameters) for the mature mare (low and
high Ti content), the mature highland, and the immature highland ejecta in 643 nm band parameter maps. Red and
green denote the values in the maria and the highland regions, respectively. The blue curve indicates equation (2)
(hockey stick relation, [Hapke, 2012b]). Schematic diagram inserted in the lower right illustrates qualitative model of b
and c values for crystalline and agglutinates in the mare and the highland.

using well-controlled artificial materials (metallic iron, resin, glass with/without TiO2 submicron particle
inclusions). They found that the phase curve (expressed by b,c) depends on grain shape, surface rough-
ness, internal scattering (caused by inclusions, pores, and structural complexities inside grains), and internal
absorption (albedo). Increased surface roughness, shape irregularity, and internal scattering of grains result
in increased backscattering with smoother phase curves. Likewise, a decrease in albedo results in flatter and
nearly symmetric scatter due to strong absorption that prevents internal scattering (forward or backward).
Since lunar regolith contains about 50–60 vol % agglutinates [McKay et al., 1991], they must significantly
affect the net scattering properties. The complicated surface and internal structure of agglutinates cause
a high density of internal scattering that generally results in strong backscattering (high c). However, the
low albedo of agglutinates (due to SMFe, ilmenite, and other opaque species) decreases the backscat-
tering contribution resulting in a more symmetric scattering pattern. Opaque ilmenite grains (assuming

SATO ET AL. ©2014. American Geophysical Union. All Rights Reserved. 1797
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Fig. 3. Site location and associated mineralogy overlapped on the Mars Orbiter Laser Altimeter topographic map. The color of the filled circle indicates the mineralogy:
hydrated silicates and salts (sulfate and chloride), detected by previous works (Bibring et al., 2006; Murchie et al., 2009; Osterloo et al., 2010; Carter et al., 2013; Ehlmann and
Edwards, 2014). Basaltic-rich materials have also been detected at each site. The targets studied in this work are notified by a black circle. Meridiani Planum and Gusev Crater
were studied by Fernando et al. (2015) and the results are also discussed in this work. (For interpretation of the references to color in this figure caption, the reader is referred
to the web version of this paper.)
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Basalt (Hawaii) C5
irregular, rough, opaque, glass/
isolated monocrystals
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Fig. 2. Particle phase function parameter results from experimental studies on artificial (McGuire and Hapke, 1995) (black symbols) and natural samples (Souchon et al.,
2011) (red symbols) having varied physical properties (grain shape, roughness, internal structure). Both investigations showed that an increase of the density of internal
structure, the grain roughness and the internal absorption tends to increase the backscattering fraction and decrease the asymmetry parameter (broader and more back-
scattering) and inversely a decrease of the internal heterogeneity (i.e., clear particles) and the surface roughness (i.e., smooth sphere) tends to reduce the backscattering
fraction and to increase the asymmetry parameter (narrower and more forward scattering). (For interpretation of the references to color in this figure caption, the reader is
referred to the web version of this paper.)
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obviously an assemblage of minerals and estimating the dominant
phase from near-infrared spectroscopy can sometimes be very
tricky due to non-linear effects of radiative transfer. Quantitative
photometry is also difficult for the same reason (e.g., Pilorget et al.,
2014). We propose here a discussion, as a first attempt to interpret
the global photometric trends in terms of geological processes. In
the future, more detailed studies are necessary to better quantify
these processes.

4.1. Eruptive and explosive volcanisms

The martian crust has been characterized as a dominant ba-
saltic composition (e.g., McSween et al., 2009; Bandfield et al.,
2000; Mustard et al., 2005; Poulet et al., 2007; Ody et al., 2013).
However, questions remain concerning its formation, especially
about volatile content and magma crystallization. In the studied
regions (e.g., Eridania Basin, Section 3.2.5, Fig. 10; Holden Crater,
Sections 3.2.3, Figs. 7 and 8; Eberswalde Crater, Section 3.2.4,
Fig. 9) the basaltic materials have been observed as the pre-
dominant composition for the dark-toned materials visible in the
form of a cohesive crust or coarse-sized granular materials. Recent
in situ results from the Curiosity rover also showed more felsic
rocks (Sautter et al., 2015) than expected from orbital data.

The scattering parameters always exhibit a broad backward
scattering lobe (Fig. 5c–g) which suggests highly microtextured
rocks and grains with high heterogeneous internal structures. This
could be indicative of the presence of impurities such as crystals
and/or pores (Fig. 12a). A high abundance of olivine crystals in an
aphanitic goundmass have been observed in basalt from in situ
investigations at Gusev Crater (McSween et al., 2006). This phy-
sical characteristic may suggest a quenching with relatively slow
cooling rate forming a finely crystallized material, consistent with
the low thermal conductivity of the current martian atmosphere
(Wilson and Head, 1983) (Fig. 12a). Furthermore, the low atmo-
spheric pressure leads to a significantly higher gas exsolution
during the magma ascent favoring magma disruption into pyr-
oclasts (i.e., high vesicular materials) (Wilson and Head, 1983) that
may also explain the basaltic microtexture (Fig. 12a). At Gale crater,
the Curiosity images showed that the felsic rocks have fine-
grained to porphyritic textures (Sautter et al., 2015) which are
consistent with the estimated scattering parameters if the domi-
nant materials are felsic rocks. However, the felsic rocks occur-
rence has to be better evaluated in order to better interpret the
scattering parameters. More laboratory measurements have to be
made on analogous felsic materials (not presented in the b–c plot,
Fig. 2) in order to better relate the estimated scattering properties
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Fig. 12. Proposed geological interpretations of the particle phase function parameters derived from the studied sites (Fig. 2). (a) Volcanism. (b) Aqueous/aeolian alteration
and transportation. (c) Evaporitic precipitation. (d) Space weathering.
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