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Introduction:  Two drastically different views ex-
ist regarding the early Martian atmosphere.  One view 
is that the present conditions have prevailed from the 
earliest of times, in which water can only exist within 
the ground as permafrost or groundwater and in the ice 
caps.  However, more recently workers have suggested 
an early, wet Mars (e.g., [1]), followed by a 
transitional period of ice-covered lakes and streams, as Mars 
lost its atmosphere. If the atmosphere was indeed 
warmer, thicker and wetter, standing water may have 
been stable at the surface for long periods on early 
Mars.  The stability of standing water at the surface is 
directly relevant as to whether life may have existed on 
early Mars. 

Many geomorphic features on Mars provide com-
pelling evidence for an early period of hydrologic ac-
tivity, requiring abundant liquid water at the surface 
(e.g., [2]). Several studies have argued that geomor-
phic evidence supports the existence of paleolake ba-
sins on Mars [3, 4, 5 and others]. Geomorphic evi-
dence of paleolake basins includes inflow and outflow 
channels, internal terraces, layering and apparent 
shorelines as well as delta deposits.  The sedimentary 
layers described by [5] are also proximal to paleolake 
basins.  

Cabrol and Grin [4] compiled a list of 179 possible 
paleolake basins in impact craters.  The three types of 
basins identified include closed, open and lake-chain 
systems.  In a more recent study, they attempted to 
assign an absolute age to basins [6].

Some of the basins display alternating bands of 
light and dark albedo materials conformal with the 
basin margin or bright materials exposed in the central 
portion of the basins [4].  These authors suggested that 
the bright material might be an evaporite deposit; 
however, this idea is controversial [7]. On earth, 
evaporite deposits in lacustrine environments display a 
characteristic pattern, resulting from their order of 
deposition.  Carbonates are the least soluble of the 
salts in solution and are deposited in marginal basin 
areas.  Sulfates have an intermediate solubility and 
precipitate at more basinward locations. Halides 
should precipitate last near the central portions of the 
basin.  In plan view, this deposit sequence would ap-
pear as a “bulls-eye pattern” or “bath tub rings” (e.g., 
[8]).  

Methods:  Thermal Emission Spectrometer 
(TES) spectra for each target are assembled into a hy-

perspectral cube. Because we expect spectral features 
of evaporite minerals to be subtle, we preserve indi-
vidual unprocessed emissivity spectra as far into the 
processing chain as possible.  

A principle component analysis (PCA) algo-
rithm is run on the hyperspectral cubes. The resultant 
PCA images have some contiguous areas where simi-
lar PCA values span several orbits, which we interpret 
to represent real spectral units at the surface. In other 
instances, PCA values are confined to specific orbit 
tracks, which we interpret to represent inter-orbital 
atmospheric variations. We reject these orbits because 
we want to minimize atmospheric contributions to total 
spectral variance in the scene. These orbits are identi-
fied and the hyperspectral cubes are re-assembled from 
the original set of spectra omitting these orbital tracks. 
This process is repeated until most of the color varia-
tions in the PCA images appear to be associated with 
spectral units on the ground. The final PCA images are 
used to define regions of interest (ROIs) that corre-
spond to spectral units in the scenes.  

The ROIs were independently defined in two 
ways: manually and using 2-D scatter plots.  Manual 
ROIs were defined by displaying the first three (most 
significant) principal component bands as a RGB 
composite image.  Areas of contiguous PCA values 
(i.e., areas of contiguous color on the RGB composite 
image) were outlined as individual regions of interest 
(Figures 1 and 2).  In the 2-D scatter plot method, high 
variance (low band number) PCA bands were plotted 
and ROIs defined from ‘extreme’ pixels in each plot.  
These pixels corresponded well with the colors 
mapped in the PCA composite images. Averaged spec-
tra from each ROI are extracted and examined to see 
what spectral features distinguish these units from each 
other.  

The averaged ROI spectra were first evaluated for 
the presence of dust/fine particulate materials based on 
their dust cover index (DCI) [9]. Next, a linear least 
squares deconvolution was applied using seven previ-
ously-reported and one new TES spectral endmem-
bers: Acidalia and Syrtis Surface Types, hematite, two 
atmospheric dust endmembers and two water ice cloud 
endmembers [10], and a new surface dust endmember 
[11].  If an averaged spectrum had a DCI value below 
the threshold (0.96) for “dust free” and the deconvolu-
tion routine used the surface dust endmember, the 
spectrum was considered to represent a dusty surface. 
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Because the spectral library we used [12] contains only 
course particulate samples, and because linear unmix-
ing may not apply to fine particulate mixtures, no fur-
ther analysis was performed on TES spectra not meet-
ing the “dust-free” criterion. In addition, if the spec-
trum was well-modeled by linear unmixing using the 
eight previously-reported TES surface and atmos-
pheric endmembers and no anomalies were detected by 
visual inspection, then further analyses were also con-
sidered unnecessary.  Atmospheric correction was per-
formed on the remaining ROI spectra using the method 
described by [13]. 

In the event that the spectrum was not well-
modeled by linear unmixing using the eight previ-
ously-reported endmembers, the atmospherically-
corrected ROI spectrum would be deconvolved twice 
(independently) using library spectra of individual 
minerals: once using the suite of igneous minerals 
thought to be present in previously-reported TES sur-
face spectra and once using these spectra plus library 
spectra of evaporite and hydrothermal minerals.  If the 
spectral signatures of these aqueous minerals are not 
present in the ROI spectra, the results of the igneous-
only and igneous-plus-aqueous deconvolution runs 
should be approximately the same.  

Results:  Of the 35 basins we have studied so far, 4 
have shown evidence of distinct surface spectral units, 
described here.  

Gale Crater (5.5S, 222.2W): Figure 1 displays the 
final PCA color composite image (from which ROIs 
were defined) overlain on a MOLA-derived shaded 
relief image, with the manually-defined ROIs outlined 
in black.  The central mound in Gale Crater, shown by 
the red region in Figure 1, had a DCI value of 0.93, 
below the threshold for a dust-free surface. In addition, 
the results of the deconvolution used the surface dust 
endmember (Table 1). This spectrum represents a typi-
cal dusty surface and was not processed further.

The southern portion of the basin floor, shown by 
blues in Figure 1, had a DCI value of 0.97, above the 
threshold for a dust-free surface.  In addition, the de-
convolution using the standard TES spectral endmem-
bers did not choose the surface dust endmember (Table 
1). Therefore, this spectrum represents a relatively 
dust-free surface. This spectrum was well modeled 
using only previously-reported TES atmospheric and 
surface endmembers (Syrtis Type Surface).  

The northern portion of the basin floor, shown by 
greens in Figure 1, had a DCI value of 0.95, just below 
the threshold for a dust-free surface.  The deconvolu-
tion also used the surface dust endmember (Table 1).  
This surface is likely a mixture of surface dust and the 
Syrtis Surface Type (SST). 

Aram Chaos (2.8N, 21.2W): Aram Chaos has pre-
viously been noted to contain hematite (e.g., [14]). 
Figure 2 displays the final PCA color composite image 
(by which ROIs were defined) overlain on a MOLA-
derived shaded-relief image, with the manually-
defined ROIs outlined in black. The central unit in the 
basin, shown in aqua in Figure 2, has a DCI value of 
0.97, above the threshold for a dust-free surface (Table 
2).  This spectrum was well modeled using just TES 
atmospheric and surface endmembers (Syrtis Type and 
Hematite).   

The floor units, which map as blue and purples in 
Figure 2, also have DCI values of 0.97, above the 
threshold for a dust-free surface.  All three units spec-
tra were well modeled using TES atmospheric and 
surface endmembers (Syrtis Type surface), as can be 
noted in Table 2.  The variation between the blue re-
gions (SW and NE floor units) and the purple region 
(SE floor unit) is mainly due to variable contributions 
of the atmospheric endmembers (Table 2). 

Ganges Chasm (9.5S, 51W): Figure 3 displays the 
final PCA band color composite image overlain on 
MOLA-derived shaded relief. The red, green and blue 
ROIs were defined by the 2-D scatter plot method and 
are shown in Figure4.  All three regions had a dust 
index of 0.96 or above, indicating a dust-free region.  
The results of linear unmixing are given in Table 3.  

This region had a DCI of 0.96 (the lowest in the 
scene) and the deconvolution used mostly atmospheric 
dust to model the blue region in the upper portion of 
the image corresponding to the Chasma as well as in 
the small crater in the interior of the larger crater. This 
is probably due to large topographic differences be-
tween these regions and the surrounding plains result-
ing in increased atmospheric contribution.   

The western portion of the larger crater stood out 
in the 2-D scatter plots.  This region has been noted 
previously by Hamilton et al. [15] as containing the 
mineral olivine.  This region therefore had a poor fit to 
the deconvolution method using only the atmospheric 
and surface endmembers (Table 3).  The average spec-
trum for this ROI does indeed have a spectral shape 
similar to that of forsterite, especially at ~400 
wavenumbers (Figure 5).  

Craters in Terra Sabaea (9.5S, 328W): Figure 6 
displays the final PCA image overlain on MOLA-
derived topography. The regions of interest defined by 
2-D scatter plots included two putative crater paleo-
lakes and the surrounding plains. All ROIs defined for 
this region had a DCI of 0.97 and were ‘dust free’.  
The linear unmixing results are given in Table 4.  

The deconvolution modeled mostly atmospheric 
dust for the southern portion of the interior of the cra-
ters.  This includes the small crater in the upper right 
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corner of the image.  The algorithm modeled the aver-
age spectrum from this region well using only the at-
mospheric and surface endmembers. The green regions
in the northern portion of the craters were modeled
using less atmospheric dust and more of the Syrtis
Surface Type (SST).  The blue ROI modeled an inter-
mediate mount of atmospheric dust and SST. The lin-
ear unmixing modeled both of these average spectra
well and no further processing was required.

The three ROIs, red, blue and green, increase in 
Syrtis Surface Type and decrease in atmospheric dust. 
The southern portions of the crater floors are the dusti-
est and the northern portions are the least dusty with
the surrounding plains having an intermediate compo-
sition.

Conclusions:  An intensive, detailed examination
of 45 putative paleolake basins using TES emissivity
data at 3x6 km/pixel resolution has not turned up any
evidence for evaporate deposits. Twenty additional
basins may be of sufficient size for this method and 
remain to be studied.

Figure 1: Final PCA image for Gale Crater from
which ROIs were defined.
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Figure 2: Final PCA image for Aram Chaos from
which ROIs were defined. The hematite unit is clearly
visible in aqua tones.

Table 2: Model
derived modes for
Aram Chaos

Cen-
tral
unit

(aqua)

SW
floor
unit
(blue)

SE
floor
unit

(purple)

NE
floor
unit
(blue)

Dust Cover Index 0.97 0.97 0.97 0.97
Syrtis type surface 22.9 23.6 20.2 29.2
Hematite 14.2 - - -
Dust Low CO2 57.1 65.5 70.7 62.2
Water Ice Cloud1 0.5 3.9 7.6 2.6
Water Ice Cloud2 4.1 5.6 - 4.3
Total 98.9 98.5 98.5 98.3

Table 1: Model de-
rived modes for Gale

Central
Uplift

(red)

S crater 
Floor
(blue)

N crater 
Floor
(green)

Dust Cover Index 0.93 0.97 0.95
Acidalia type surface   8.0 - -
Syrtis type surface - 35.2 1.3
Surface dust 34.6 - 22.9
Dust Low CO2 33.2 60.0 65.1
Dust High CO2 16.0 - 2.9
Water Ice Cloud2   9.2 3.7 7.8
Total 101.0 98.9 99.9
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Figure 5: TES surface spectrum for Ganges Chasma
crater interior overlain with laboratory spectrum for 
Forsterite.

Figure 3: Final PCA image for Ganges Chasma over-
lain on MOLA topography.
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Figure 6: Final PCA image for craters in Terra Sabaea 
overlain on MOLA topography.

Figure 4: ROIs for Ganges Chasma determined from
2-D scatter plots.

Table 3: Model de-
rived modes for 
Ganges Chasma

Crater
Floor
(red)

Chasma
(blue)

Plains
(green)

Dust cover Index 0.97 0.96 0.97
Syrtis type surface 53.7 26.3 44.0
Dust Low CO2 51.9 73.8 53.8
Dust High CO2 -14.5 -8.5 -5.1
Water Ice Cloud1 4.5 2.1 6.5
Water Ice Cloud2   3.4 4.9 0.1
Total 99.1 98.7 99.2

Table 4: Model de-
rived modes for cra-
ters in Terra Sabaea

Crater
Floors

(red)

S basin
Floor
(blue)

N basin
Floor
(green)

Dust cover Index 0.97 0.97 0.97
Acidalia type surface   18.0 12.4 19.6
Syrtis type surface 18.0 34.7 39.9
Dust Low CO2 43.6 42.3 34.3
Dust High CO2 8.6 8.3 1.7
Water Ice Cloud1 8.7 1.6 3.7
Water Ice Cloud2   3.2 0.2 0.3
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