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Introduction. Impact cratering is a common geo-
logic process affecting all the regions of Mars. Ejecta 
of impact craters result from an excavation flow 
through heated and shocked materials and ejecta sedi-
mentation, followed by an erosion and modification 
history of the deposit. The excavation flow depends on 
the first order on the crater size, even if second order 
changes are expected for different combinations of 
projectile velocity/projectile mass and target strength 
resulting in the same final crater diameter [1]. Ejecta 
emplacement is dependent on the target properties 
(presence of volatiles) and on the atmospheric proper-
ties at the time of impact as reviewed in [2] or [3]. The 
resulting geometry and composition of the deposit 
could differ substantially from those resulting from 
ballistic sedimentation. Then, the ejecta deposit is af-
fected by mechanical and chemical erosion. Ejecta can 
be transported by winds, water flow or covered by ice 
deposit. Circulation of fluids, due to the development 
of a hydrothermal system after the impact event, or 
resulting for global scale surface fluid flow or subsur-
face aquifer can potentially affect the mineralogical 
composition of the ejecta layers. The study of the min-
eralogy of ejecta is thus a particularly challenging 
topic but represents a promising tool to investigate the 
local alteration history of Mars geological units, the 
emplacement mechanism and the sub-surface composi-
tion[4].  

Our observations focus essentially on the volcanic 
shield of Syrtis Major, known for his prominent mafic 
composition. We show first that the alteration history 
of this region can be investigated from the correlations 
of ejecta mineralogy with age. Then, first-order ballis-
tic modeling is used to discuss the main features of the 
subsurface mineralogy. Further implications are sug-
gested concerning the ejecta emplacement mechanism 
itself from our observations.   

 
Ejecta mineralogical changes through time  
Before analyzing Mars observations, we would like 

to recall important lessons from the analysis of ejecta 
on the Earth. Fresh ejecta are generally difficult to find 
and the following conclusions result mainly from Me-
teor Crater (USA), Lonar Crater (India), Ries crater 
(Germany). (1) The ejecta have a diamictite nature, 
meaning that the deposit is well mixed [5] . (2) The 
volume of shocked or melted material is negligible in 
the ejecta deposit. (3) An axisymmetric pattern can be 

found in composition and physical properties (grain 
size). (4) The ejecta layer is strongly mixed with very 
superficial material eroded during ejecta emplacement. 
(5) Grain sizes usually decrease outward, but ejecta are 
never well sorted.  On Earth, erosion affects rapidly 
the ejecta pattern, and even at Meteor crater, the spec-
tral signature of ejecta appeared to be modified by 
wind erosion [6]. The presence of fresh ejecta at Syrtis 
Major is demonstrated from three criteria: thermal sig-
nature, the axisymmetry of the spectral signature, and 
the ferric indices more indicative of rocks rather than 
soil.  

 
Thermal properties. Numerous ejecta at Syrtis 

show a distinct thermal signature from the background, 
characterized in particular by a warm thermal edge[3]. 
The thermal feature has been interpreted as resulting 
from the accumulation of larger particles at the front 
during the ground-hugging flow. The fact that this 
signature inherited from the impact even is still pre-
served today suggests that ejecta have been affected by 
minor amount of erosion.  

 
Axisymmetry of the spectral signature. In order to 

quantify the degree of axisymmetry of ejecta, we have 
extracted spectra inside a sliding annulus for about 15 
craters at Syrtis Major. The Fig. 1 represents an exam-
ple of I/F values for a given wavelength as a function 
of the azimuth. The averaged values of I/F inside the 
annulus as a function of wavelength are represented on 
the Fig. 2, with standard deviation.  

 

 
Figure 1. I/F as a function of the azimuthal direction 
(for a given wavelength) are fitted to an ellipse to 
characterize the degree of axisymmetry of the spectral 
signature of ejecta.  

 
The spectral variations observed with distance are al-
ways larger than the spectral variations inside the slid-
ing annulus demonstrating the axisymmetric pattern of 
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the spectral ejecta signature. If an ellipse is fitted to the 
I/F values, the standard deviation is even decreased by 
one order of magnitude, suggesting that spectral varia-
tions inside the sliding annulus result mainly from the 
slightly non-circular pattern of excavation and ejecta 
emplacement, rather than from variations in erosional 
processes.  
 

 
Fig 2. Top: Averaged spectra inside the sliding annu-
lus (distance of the annulus is given by the color-color 
code at the bottom of the picture). Middle: Standard 
deviation of I/F values inside the sliding annulus. Bot-
tom: Standard deviation of I/F values after the adjust-
ment of I/F values to an ellipse.  
 
Ferric/Ferrous state of ejecta. An additional evidence 
for the presence of fresh ejecta is given by the spectral 

indices relative to the ferric or ferrous state of the ex-
posed material (Fig 3.). The two spectral indices de-
veloped by [7] suggest that ejecta material correspond 
to blocks or rocks rather than soil when compared to 
the Pathfinder case.  
 

 
Figure 3. Spectral indices indicative of the state of 
oxidation and alteration of ejecta. The ejecta of these 
craters are closer to rocks than soils when compared 
with Pathfinder results.  

 
Evidence for different alteration history: correlation 
between age and mineralogy. All the impact craters at 
Syrtis Major do not display a clear axisymmetrical 
spectral signature. Actually, two types of spectral sig-
natures of ejecta have been identified at Syrtis and are 
named type I and II for convenience hereafter. The 
type I is characterized by enrichment in the High-
Calcium Pyroxene signature relatively to the lava flow 
background, which is already enriched in HCP com-
pared to the surrounding Noachian terrains. The type II 
ejecta do not display this signature (cf. Fig 4).  These 
differences in ejecta mineralogy with time do not re-
sult from changes in the original composition of the 
excavated material. All the studied impact formed after 
the emplacement of Syrtis lava flow. Type I and type 
II impacts can be found at relatively small distances, 
and lateral variations in composition are unlikely to 
explain this situation while different ages and differ-
ences in ejecta alteration might be responsible for 
these variations. 
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Dating a crater is a difficult task: the ejecta unit can be 
in some places discontinuous with the possible confu-
sion between small impacts on the ejecta unit, and 
small impacts buried by the ejecta unit. The floor of 
the craters itself is often buried under eolian sediments, 
and cannot be used to estimate the age of the impact 
event. 

 
Figure 4. Pyroxene map of Syrtis Major from Modified 
Gaussian Model (HCP in blue, LCP in yellow) with 
the location of investigated craters.  

 
Thus, only the largest type I and II craters have 

been counted from crater counts in the continuous part 
of the ejecta units. We conclude that HCP-rich ejecta 
are systematically younger that the type II (Fig. 5). In 
order to confirm this observation, relative chronology 
between type I and type II has been also searched. No 
direct overlapping of ejecta layers of type I and II have 
been found.  

 

 
Fig. 5. Absolute dating of type I and type II craters at 
Syrtis Major.  
 

However, the relative chronology of type I and type II 
demonstrates that type II craters are generally older 
than the ridge formation episode while type I craters 
are systematically younger (Fig. 6, 7). Other morphol-
ogic arguments, such as the presence of lineations and 
secondary craters for the type I are reported confirm-
ing the correlation between the presence of the HCP 
enrichment signature and the age of the crater.  
 

 
Fig. 6. Relationships between compressive ridges and 
type I ejecta.  
 

 
Fig. 7 Relationships between compressive ridges and 
ejecta type II.  

 
Different candidates can explain the fading of the HCP 
signature with time: progressive dust cover or slow 
weathering in a cold environment. The ejecta of impact 
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craters can be weathered at a higher rate than the sur-
rounding terrain due to the fragmentation related to the 
impact and presence of fines. Impact hydrothermalism 
may also contribute to the alteration in the period of 
time immediately following the impact event (few 
thousands of years). Building upon these first OMEGA 
results, CRISM observations at higher spatial resolu-
tion may help to discriminate between these different 
aspects.  

 
From the ejecta to sub-surface composition 
Observations. Averaged spectra inside sliding an-

nulus for fresh ejecta suggest an evolution of ejecta 
composition with diameter (Fig 8). This trend is 
clearly seen from scaled I/F (at 0.7 microns) values or 
even ratio of scaled I/F values using the spectra at the 
largest distance from the center of the crater. Changes 
in the 2 microns domain should be related to relative 
variations in the proportion of high-Calcium to Low-
Calcium pyroxenes. These variations are also indicated 
from spectral deconvolution using MGM. The spectral 
deconvolution suggests the presence of a maximum in 
the HCP/LCP ratio within the ejecta layer (Fig. 9).   .  
 

 
Figure 8. Example of scaled spectra (at 0.7 microns) 
and ratio of spectra (using the spectra at the largest 
distance from the crater center) emphasizing the varia-
tions in the 2 microns domain related to variations in 
the HCP/LCP proportions. 

 
Z-model and Ballistic modeling. The derivation of sub-
surface composition from the composition of ejecta is 
a challenging inverse problem. A first approach con-
sists in the forward modeling of the ejecta composition 
from a given sub-surface composition. The modeling 
is achieved first from Z-modeling of the excavation 
flow coupled to ballistic trajectories [8]. Ejecta surface 

flow after ballistic sedimentation, mixture of the sub-
stratum due to the erosive power of the ejecta flow, 
and atmospheric effect are progressively incorporated 
in the forward modeling. Various sub-surface models 
are compared with the mineralogical variations of 
ejecta. In the case of Syrtis Major, the presence of a 
maximum of the HCP/LCP ratio at few tens to few 
hundred meters is consistent with the observations.   

 

 
Figure 9. Example of spectral deconvolution using the 
MGM approach. The presence of a maximum in the 
HCP/LCP ratio is systematically observed within the 
ejecta layers for fresh craters.  
 

Conclusion. This study emphasizes the importance 
of mineralogical studies of ejecta as an excellent and 
well-spread marker of the climate evolution and an 
excellent way to investigate the subsurface mineralogy 
of planetary surfaces. In the case of Syrtis Major, both 
alteration history and subsurface mineralogy have been 
discussed from spectral observations at impact craters. 
This approach should be extended to other areas of 
interest including clays and sulfates deposits. Second 
order variations of mineral compositions related to the 
impact event are suspected with azimuthal directions. 
From the CRISM resolution, it may be possible to cor-
relate these features with the sinuous outline of the 
deposit, providing new hints for the emplacement 
mechanism and role of fluids.  
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