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Introduction:  ChemCam provides many ele-

mental composition measurements at a sub-millimeter 
scale [1]. To put this large dataset in the context of the 
mission, and in the broader context of martian geo-
chemistry, we propose a tool to define and characterize 
groups of targets. Further studies can then use these 
compositional end-members to perform a supervised 
and refined classification, including quick classifica-
tion of new targets to support tactical science opera-
tions. While here we include all the ChemCam data in 
a single analysis to train the tool on a large variety of 
compositions, the ultimate classification shall later be 
conducted separately on igneous rocks [2], conglomer-
ates [3], and sandstones [4]. 

Method:  We apply a hierarchical divisive cluster-
ing method, which highlights both the diversity and 
the relationship between the targets [5]. The inputs are 
derived from an Independent Component Analysis 
(ICA), which returns scores of Si, Ti, Al, Fe, Mg, Ca, 
Na, K, H, and Li for each target point. ICA scores are 
monotonic and positive functions of the abundances 
and thus somewhat quantitative [6]. 

That approach is justified by the desire to stay 
close to the original measure (spectrum), to separate as 
much as possible the sources making the signal, and to 
focus on the main structures of the dataset that must 
represent the main geochemical signatures encoun-
tered. This method is less sensitive to non-relevant 
signal fluctuations. 

Number of classes:  We rely on a clustering quality 
criterion called the silhouette width [7], which reflects 

the variability within a class relative to adjacent classes 
(observations with a width close to 1 would be very 
well clustered, while those close to 0 lie between two 
clusters). We also recomputed twice the hierarchical 
division after removing the targets with weak silhou-
ette widths (less than 0.25). Indeed, all the points do 
not have to be classified as compositional mixtures are 
expected. We finally proceed with a visual inspection 
of the resulting dendrogram, which is a graphical rep-
resentation of the links and the distances between the 
classes (Fig. 1). We end with 7 robust classes of very 
different sizes. 

Dataset:  Generally, the ChemCam laser is fired 30 
times on 5 to 25 points on each target (rock or soil). 
We use the processed averaged spectrum on each 
point, ignoring the first shots that are affected by the 
dust [8]. Weak spectra with only few emission lines 
were discarded. 87% of the original 3358 measurement 
points, acquired between Sol 13 and 586 were used to 
define the 7 classes. 

Description of the overall structure:  To first or-
der, the analysis distinguishes more felsic from more 
mafic compositions, with a clear enrichment in Si, Al, 
Na on one side (K and Ca to some extent) and Mg on 
the other side (along with Ti and Fe). The mafic group 
represents almost 90% of the points classified in this 
work. As shown in Fig. 1, both mafic and felsic groups 
can be subdivided, and each one includes a sub-group 
relatively enriched in Ca. On the felsic side, another 
subgroup is enriched in K, while on the mafic side we 
found a subgroup with a stronger H signal on average. 
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At the end, one class is defined by its unique signa-
ture in Ca, another one is strongly enriched in K, and 
different elements contribute to distinguishing the oth-
er classes with more or less overlap: Ti, Fe, and H. 

Most of the time, the series of points on a given 
rock or soil ends up in the same class. For a third of 
the points however the series of measures on a same 
target finish in different classes, revealing the hetero-
geneity of the target at the scale of ChemCam (sam-
pling of about 500 m, with points separated by a few 
millimeters). This demonstrates the capability of the 
instrument to probe the individual mineral grains, the 
inclusions, and possibly the cement on many targets. 

Description of the mafic classes: 
Class #1: Fe-Ti.  This is the largest group with 

1692 data points having a silhouette width larger than 
0.25 (weak to strong linkage to the class). We found 
representative targets of that class all along the trav-
erse (e.g. as float rocks), although many were in the 
Sheepbed unit and at Shaler [9]. The Rocknest rocks 
are also in that class [10]. These targets tend to be en-
riched in Fe, Ti, and Mg compared to the other groups; 
Fe and Ti are somewhat correlated, while anticorrelat-
ed with Mg in this group. This anticorrelation may be 
driven by orthopyroxene compositional variations. 

Class #2: H.  The second group is defined with the 
points having H signatures quite higher than average, 
though quite variable within the group. Only 266 data 
points in that group have a silhouette width larger than 
0.25. This weak linkage shows that classes #1 and #2 
are rather close, compositionally speaking. But the 
nature of their respective targets is actually quite dif-
ferent, since in first approximation one is made mostly 
of rocks and the other one of soils (class #2, e.g. Ep-
worth_3 in the Rocknest sand drift scoop). It illustrates 
that the soils and rocks are intimately connected at 
Gale [11; 12]. Part of the difference in the H signature 
between class #1 and #2 may be ascribed to a matrix 
effect associated with the difference in the physical 
nature of the targets rather than H content [13]. 

Class #5: Ca.  This group includes the data points 
with a very distinctive enrichment in Ca, principally in 
the Sheepbed unit (Sols 100-300). They are the Calci-
um-sulfate veins and nodules identified by ChemCam 
in that unit. All the targets identified manually in that 
category [14] ended automatically in this class, giving 
confidence in the robustness of the method. Moreover 
this class is quite self-consistent with high cluster qual-
ity factors (35 points over 42 with a silhouette width 
above 0.5, i.e. strongly linked to their cluster). 

Class #7.  This group contains only one significant 
data point: Caribou #5, which is known to be Mn-rich 
[15]. More investigations may explain this singleton. 

Description of the felsic classes: 
Class #3: Ca.  This group is well defined from a 

clustering point of view, with 265 points having a sil-
houette width larger than 0.25, half of which are larger 
than 0.5. These are the targets of the felsic end-
member, which are relatively enriched in Ca (but much 
less than in class #5), most of which were found after 
Sol 300. They are found primarily in soil and float 
rocks. This group could correspond to a trend toward 
calcium feldspar. We also find there some of the fluo-
rine-rich points identified in conglomerates, wich re-
veal evolved magmas [16]. There are other F-rich 
points in the other classes, with a composition trending 
toward apatite: Two points (Epworth #5 and 
Black_Rock #7) in class #5 (the other Ca-rich class, 
but relatively Al-poor), as well as 8 points in class #1 
corresponding most of the time to sandstones of basal-
tic-like composition (e.g. Pearson_1, point #4, [16]). 

Class #4:.  The 17 data points (with silhouette 
width larger than 0.25) tends to have a stronger H sig-
nal than the other felsic targets (e.g. Sledgers vs. Cha-
konipau, the latter belonging to class #6). 

Class #6: K.  This small group (11 points in total) 
shows also a distinctive compositional signature, with 
the strongest enrichment in K, e.g. Angmaat point #4. 
Several hypotheses are investigated to explain this 
enrichment [17]. Nine data points in that group have a 
silhouette width larger than 0.25. Except for potassi-
um, the targets of Class #4 and #6 are similar in com-
position and most of them were observed around Sol 
350. Together, these two classes could correspond to 
compositions like alkali feldspar [18]. 

Classification of excluded and new targets:  
While optimizing the definition of the end-members, 
we excluded 450 data points weakly linked to their 
original class. They can now be reintroduced with a 
discriminant analysis to assign them to a new class. 
The validation of this approach would give a tool to 
quickly determine the target type of a new observation. 
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