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Introduction: In 2012, NASA’s Mars Science Lab-
oratory started its journey through Gale crater, Mars.
One instrument of the payload is ChemCam which uses
the LIBS (laser-induced breakdown spectroscopy) tech-
nique to analyze the chemical composition of the mar-
tian rocks and soils [1,2]. ChemCam is used nearly ev-
ery sol and has collected a large dataset with more than
930 000 single shot spectra [3]. Such a dataset is an
ideal candidate to be explored with statistical methods
which can support the detection of changes in compo-
sition, alteration features or changes in sediment prove-
nance. Unsupervised clustering is a common method
which was used in several ChemCam analyses [4-6].
In one study, 6 clusters with dominant compositions
were identified in the whole ChemCam dataset collected
until sol 2756 [7]. The results were used as training
data for a random forest (RF) model which reached
high prediction accuracies and can be used to predict
cluster memberships of new observations. But what
happens to these predictions when the composition of
new targets changes and is not covered anymore by
the original 6 clusters? This question motivated the
present study, in which we compare the RF predictions
with results from unsupervised clustering of data from
sol 3105-3580 (1664 observations) covering mainly the
clay-sulfate transition [8].

Clustering Routine: For the new clustering, a simi-
lar approach as in [7] was employed: We did 100 runs of
clustering where in each run, 1164 of the 1664 spectra
were randomly selected. Non-negative matrix factor-
ization (NMF) was applied to reduce the dimensionality
prior to the k-means clustering. In order to identify the
best number of NMF factors and clusters, the procedure
was done for 3-8 NMF components and 3-8 numbers of
clusters. The results were evaluated based on the silhou-
ette score which is a measure for clustering quality [9].
The best mean silhouette scores among the runs were
found for 5 NMF factors and 4 clusters. Closer inspec-
tion of this configuration reveals a strong consistency
of the cluster centroids positions in NMF space and the
cluster sizes among the 100 repetitions. Therefore, we
decided for 5 NMF factors and 4 clusters. For the final
cluster assignment, only those observations were kept
which were always assigned to the same cluster among
the runs. In the following, the results of this clustering
will be denoted with cluster x new.

Figure 1: Histograms for each new cluster counting to which
of the previous classes the RF predicted them.

Based on the NMF factors and comparison to the ma-
jor oxide compositions [10], the dominant compositions
can be broadly described as:

• cluster 1 new: High Na2O and Cl (47 obs. points)

• cluster 2 new: High FeOT and enrichments of el-
ements typical for felsic rocks (SiO2, Al2O3 and
alkalis) (568 obs. points)

• cluster 3 new: MgO enriched (591 obs. points)

• cluster 4 new: CaO enriched (409 obs. points)

Comparison to RF Predictions: We used the RF
model described in [7] to predict cluster memberships
on the same dataset. In order to compare these pre-
dictions to the new clustering results, it was counted to
which of the RF predicted clusters the new cluster mem-
bers were assigned to. The results can be found in Fig-
ure 1 as histograms for each of the new clusters. Here,
the term rejected means that the probability for the pre-
diction by the RF was smaller than 0.7 and therefore re-
jected. Correspondences between new and RF predicted
clusters can be observed: Predominantly, the new clus-
ter 1 was predicted as RF cluster 3, new cluster 3 as RF
cluster 5 and new cluster 4 as RF cluster 6. The new
cluster 2 observations were classified as cluster 3 and 4
with approximately equal frequency by the RF.
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Figure 2: Both plots show proportion of each cluster observations in a constant bin of 10 sols. Rejected targets were counted, too.
The upper figure shows the RF predictions, the lower one the results of the new clustering of the same interval of the mission.

Both new cluster 4 and RF cluster 6 can be described
as high CaO clusters, thus, the correspondence between
them is consistent. However, the new cluster 4 is on
average lower in CaO (16.2± 5.8 wt %) than the high
CaO cluster identified in [7] (23.1± 8.6 wt %). This
shift is in agreement with the observation that Ca-sulfate
is mostly present in smooth bedrock in the clay-sulfate
transition [9] and in most cases not as pure veins.

Figure 2 shows for both the new clustering and the RF
predictions the fraction of each cluster in bins of con-
stant 10 sol width. Since the rejected observations are
counted, too, it becomes apparent that in many bins of
the RF predictions (upper plot), the proportion of rejec-
tions is 20 % or higher. This could already be an in-
dicator that the new compositions do not always match
the classes used for the training of the RF. In contrast,
there are far fewer rejected observations with the new
clusters, showing that they describe the dataset well.

In the time period of sol ≈ 3390-3470, in which Cu-
riosity explored the younger Stimson formation on top
of the Greenheugh pediment, the RF predicted clus-
ter 5 and the new cluster 3 are dominant, respectively.
Already during previous investigations of the Stimson
formation this cluster 5 characterized as low SiO2 was
mainly observed [7] and also the correspondence be-
tween the two clusters is consistent. However, a small
shift in composition between them can be observed: the
new cluster 3 is somewhat lower in CaO and higher in
MgO.

Another major difference between the two classifica-
tions is that no counterpart to the previous high SiO2

cluster 1 was found in the new clustering. This was ex-
pected as the observations were strongly localized in the
previous clustering study and also the RF did not predict
any of this kind of observation. Also clear felsic com-
positions, cluster 2 in [7], were not predicted by the RF
except for two observation points. Instead, a new clus-
ter 1 with a clear halite contribution (high Na2O and Cl
detection) was identified.

Conclusions: The predictions of the RF model are
still reasonable in most cases even though the composi-
tion in the clay-sulfate transition somewhat changed in
comparison to previous formations most likely due to
increased contributions of sulfates [9]. Observing the
prediction probabilities can partly prevent strongly di-
vergent predictions from being made by the RF. Never-
theless, in order to describe the compositions as accu-
rately as possible, regular checks must be made, e.g. by
monitoring the number of rejected observations and, if
necessary, new models should be trained with extended
as complete as possible training data.
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