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Introduction:  The Mars Exploration Rover 

(MER) in Gusev Crater has exposed in its tracks an 
unusual occurrence of a soil high in sulfur and high in 
phosphorus [1-3] at a site called Paso Robles. Moss-
bauer (MB)  measurements also suggested the pres-
ence of ferric sulfate minerals [4]. Ferric sulfates ac-
count for about 25–29% of the Paso Robles composi-
tion [1]. The sulfate-rich soil is concentrated in the 
parts exposed by the MER tracks and is typically 
bright. This bright salty material has been found in 
other locations such as Arad and Tyrone.  

The focus of this work is the interpretation of 
Panoramic Camera (Pancam) [5] images in the attempt 
to identify both the dominant and the low abundance 
phases through their spectral signatures in Paso 
Robles, Arad and Tyrone soils using automated statis-
tical algorithms as an alternative and/or an aid to ex-
pert assessment. 

Discussion:  Our analysis of Pancam data showed 
that most scatterplots of the data cloud tend to be tear-
shaped or deltoid, radiating away from the so called 
dark point (greenish area in the right – bottom part of 
figure 1), the scanner response to a target of zero re-
flectance in all bands [6] which is close in concept to a 
virtual endmember as described by [7].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: 2-dimensional projection of Tyrone data. 
 
Spectral Mixture Analysis assumes that each mixed 

pixel on the surface is a linear combination of the 
spectra of the endmembers. The linear mixing assump-
tion can be retained for intimate mixtures if the reflec-
tance values are converted into single scattering albedo 
[8].  The shape of the data cloud for the Pancam scenes 

of Paso Robles, Arad and Tyrone (Tyrone is depicted 
as an example in figure 1) suggested that linear mixing 
is a sufficient first order approximation for exploratory 
analysis of the mineralogy of the sites.  

We devised an unmxing algorithm [9] that jointly 
performs endmember selection and abundance calcula-
tion and can operate regardless of ground truth data. 
When ground truth data on the endmembers is avail-
able the algorithm optimizes the calculations by auto-
matically constraining the estimates of the endmem-
bers to vary within certain tolerances. In this particular 
application we took into account that the dark point 
must be present as an endmember and that one end-
member must be the ubiquitous Martian dust. A more 
detailed explanation of the unmixing algorithm and an 
application to remote sensing data can be found in 
[10].   

We validated our unmixing results by comparing 
the obtained endmembers with the list of all possible 
endmembers extracted interactively with n-
dimensional visualization software embedded in 
ENVI.  
We performed identification of the validated endmem-
bers automatically by comparison with a library of 
mineral spectra that were convolved with Pancam filter 
bandpasses.  This phase required the calculation of a 
score measuring spectral similarity and targeted to 
discriminating between different mineral classes. 

The unmixing algorithm is not able to detect low 
abundance phases because by definition they contrib-
ute to the mixture in only a few pixels (e.g. the little 
purple spur in figure 1 encircled by the yellow ellipse). 
In order to detect those phases we devised an anomaly 
detection algorithm [12] that identifies low abundance 
phases by searching for them in the subspace orthogo-
nal to the mixing subspace [13]. This procedure also 
allowed us to discriminate outliers and residual arti-
facts in the images. 

The overall algorithm results in an iterative alterna-
tion of the unmixing, validation and anomaly detection 
phases. Details of the procedure will be the focus of an 
upcoming publication [14].  

  Paso Robles (Sol400): We concentrated our atten-
tion on the area within the red rectangle in fig 2. Sul-
fate rich soils were exposed in the rover trenches as 
shown in the abundance map in fig. 3 (in green), re-
sulting from the unmixing. As we can see in fig. 4, this 
endmember (phase 1) exhibits diagnostic spectral char-
acteristics (e.g., a convex upward feature near 480 nm, 
a reflectance maximum at ~670 nm and a minimum 
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near 800-850 nm) that are consistent with a few ferric 
sulfate minerals, and best fit by ferricopiapite, kor-
nelite, fibroferrite and coquimbite.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 2: Paso Robles area under study. 
 

Coquimbite and kornelite are not identified by MB 
analyses so we are concentrating our investigation on 
other minerals [11]. The bright soil spectrum acquired 
with our technique is consistent with the Paso Robles 
bright soil reported in [15]. One interesting new min-
eral match we found for the bright soil spectrum is the 
phosphate strunzite. 

 
Fig 3: Abundance map for Paso Robles: phase 1 

(green), dust (red) and shade (blue). 
 

We also detected a ferric phase (phase 2 in fig 2) 
that presents a more pronounced band around 800-850 
nm and lacks the concave  feature at 480 nm. Best 
matching spectra are again fibroferrite and ferrico-
piapite.  

We also observed a shade endmember and a dust 
endmember.  Our dust spectrum is similar to the typi-
cal martian soil spectra observed in previous studies 
[e.g. 16] and is consistent with spectra of altered vol-
canic material [e.g. 17]. 

From the abundance map we remark that the algo-
rithm correctly identifies shade in between the rover 

marks, dust in the compressed soil and the sulfate in 
the exposed subsurface soil. 
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Fig 4: Endmember spectra for Paso Robles sol 400. 

 
Arad (sol 721): Endmember analysis confirmed the 

expectation that the salty soils exposed by the rover 
tracks  presented sulfate-like signatures consistent with 
the bright Arad soil in [15]. Figure 5 depicts the area 
under study while in figure 6 we consider the abun-
dance map of the sulfate with respect to dust and 
shade. The abundance map positions the sulfate end-
member in the exposed soil similarly to Paso Robles. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 5: Arad scene under study 
 

Similarly to the features already identified for the 
sulfate in sol 400, the bright soil 1 endmember at the 
Arad site (phase 1 in figure 7) showed a reflectance 
maximum at ~670 nm and a minimum near 800-850 
nm but lacking the feature at 480 nm. We argue that 
the difference with bright soil 1 in Paso Robles is to be 
ascribed to the fact that the endmember contains a re-
sidual dust component mixed with the sulfate species. 
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Fig 6: Abundance map for Arad; soil phase (green), 

dust (red) and shade (blue). 
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Fig 7: Endmember spectra for Arad sol 721. 

 
We confirmed our hypotheses by mixing the phase 

1 spectrum with the dust endmember found in Arad. 
The resulting aerial mixture in figure 8 seems to have 
similar characteristics to the sulfate endmember in Sol 
721 (soil phase). 

Tyrone (sol 790): The exposed trenches created by 
the rover wheel are depicted in figure 9. In Tyrone 
soils some peculiar endmember spectra were extracted 
by our unmixing algorithm along with the prevalent 
dust, shade and sulfate signatures previously identified 
in Paso Robles and Arad.  

A bright soil spectrum consistent with the “white” 
Tyrone soil in [15] resulted from the unmixing algo-
rithm (phase 2 in figure 10).  

We also identified a phase (Phase 1 in figure 10) 
consistent with yavapaiite even if present in lower 
abundance. Figure 11 and 12 represent the abundance 
maps of bright soil and phase 2 with respect to dust 
and shade.   
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Arad Sol 721 spectra 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9: Tyrone scene under study. 
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Fig 10: Endmember spectra for sol 790. 

 
It is interesting to point out that the spatial occur-

rence of phase 2 and bright soil  is consistent with the 
location of similar handpicked spectra in [15], thus 
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correctly identifying  the “yellow” and “white” areas 
in figure 9. 

It is interesting to notice the black areas in figure 
11 and 12.They are due to the lack of phase 2 and 
bright soil respectively because they are not taken into 
account in the picture. 

 
 

Fig 11: Abundance map for Tyrone; bright soil 
phase (green), dust (red) and shade (blue). 

 
Low abundance materials: The results of anomaly 

detection in the Paso Robles, Arad and Tyrone images 
revealed some interesting results.  

From the unmixing analyses on these images we in-
ferred that the dominant sulfate minerals are fibrofer-
rite and/or ferricopiapite based on spectral features at 
800-850 nm. Some spectra (Paso Robles phase 1 and 
Tyrone phase 1) contained an additional feature near 
480 nm that is extremely unusual for minerals and is 
characteristic of coquimbite and kornelite.  We were 
concerned about this identification because the Möss-
bauer instrument did not identify coquimbite or kor-
nelite. The subsequent anomaly detection procedure 
confirms that a coquimbite-like spectral signature is 
present as a low abundance phase as shown in figure 
13.  Thus, this mineral appears to be present as a minor 
component that is too low to be detected by Möss-
bauer, at least in the spots measured so far, but still 
contributes to the Pancam spectra in isolated regions.  

This scenario provides an explanation for the 480 
nm hump in some of the endmember spectra extracted 
from the Paso Robles and Tyrone images.  

An additional low abundance spectrum (Sol 400 -2 
in figure 13) can be consistent with olivine [15].  

Summary:  Spectral unmixing has enabled us to 
map components due to dust, ferric sulfate, and shade 
in several unusual bright region soils uncovered by the 
rover tracks in Gusev crater.  Possibly a combination 
of coquimbite or kornelite and ferricopiapite best 
match the Pancam spectral signature for the sulfate 
endmember for the Paso Robles sites, fibroferrite best 

matches the sulfate endmember spectrum for Arad, 
while for the Tyrone scene together with one sulfate 
endmember influenced by ferricopiapite we found an 
endmember with fair correlation to yavapaiite. 

 

 
 

Fig 12: Abundance map for Tyrone; phase 2 
(green), dust (red) and shade (blue). 
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Fig 13: Low abundance materials in Gusev soils. 

 
  Anomaly detection permitted the exclusion of out-

liers and artifacts and revealed interesting additional 
low abundance phases.  
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