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Introduction:  The thermal emission spectral shape 

and distribution of certain spectral surface types on 
Mars indicates that at least some Martian surfaces may 
be weathered or otherwise altered [1-3].  Thermal emis-
sion spectra are particularly sensitive to vibrations of 
Si-O bonds as modified by the configuration of all 
bonds in a mineral structure, and this technique should 
be ideal for assessing silicate mineralogy of Mars, in-
cluding the nature of secondary silicate phases [4].  
Typically, mineralogical assessment of Thermal Emis-
sion Spectrometer (TES) and Mars Exploration Rover 
Mini-TES spectra have been performed using linear 
deconvolution modeling [3,5-8], which has been dem-
onstrated to work well for unaltered coarse-grained and 
fine-grained rocks [9-10] and coarse-grained particulate 
mixtures [11].  What has remained unexplored is the 
efficacy of linear deconvolution to assess the mineral-
ogy of altered rock surfaces.  Here, we continue our 
examination of weathered basaltic rocks and their ther-
mal infrared spectra [12-13].  We report initial results for 
tests of linear deconvolution modeling of naturally 
weathered surfaces. 

Weathered basalt:  The weathered surfaces of crys-
talline basalts that we have thus far examined are finely 
fractured by networks of µm-scale cracks.  The cracks 
are partially filled with secondary material that is Si-Al-
Fe-rich.  X-ray and electron diffraction analyses of the 
secondary materials of these weathering rinds indicates 
that they are poorly crystalline or disordered.  We in-
terpret these weathering products to be disordered Fe-
oxyhydroxides and dissordered clay minerals mixed on 
a 10s-of-nm scale.   

Methods:  Two methods were used to assess how 
linear deconvolution performed in determining the min-
eralogy of weathered surfaces. (1) Laboratory thermal 
emission spectra were acquired for fresh and weathered 
surfaces of two Columbia River Basalts (CRBs).  Pol-
ished thin sections of the rocks were analyzed by scan-
ning electron microscopy and energy-dispersive spec-
troscopy to produce a set of back-scattered electron 
(BSE) images and X-ray chemical maps.  The BSE 
images and chemical maps were imported into ENVI, an 
image analysis software program, where supervised 
classifications were performed on the images to deter-
mine primary mineral abundances for unweathered por-
tions of the rocks and for the outer ~100 µm of the 
weathered surfaces.  The abundance of secondary min-
erals was not measured directly, but an upper limit was 
determined by measuring abundance of cracks and 

void in the weathered surfaces.  The resulting mineral-
ogy was compared to that derived from linear deconvo-
lution modeling of spectra from those surfaces.  (2) The 
weathering rinds of basaltic rocks from Arizona were 
carefully scraped, gently crushed, and soniciated.  That 
material was cetrifuged to concentrated the <1 µm size 
fraction, thereby concentrating the fine-grained weath-
ering products.  That materials was pressed into a pel-
let.  Themal emission spectra were acquired for the pel-
let and representative weathered and unweathered sur-
faces of the rocks.  The rock spectra were analyzed by 
linear deconvolution to determine how well the tech-
nique predicted the secondary material.  XRD analysis 
of the <1-µm separate showed that it is a mixture of 
smectite clay and X-ray amorphous material. 

Results:  The initial results indicate that, while lin-
ear deconvolution modeling of unweathered surfaces 
performs well, modeling of weathered surfaces is prob-
lematic. 

SEM image classifications show that the weathering 
rinds are comprised mostly of primary minerals, and the 
proportions of primary phases is the same in the rinds 
and unweathered rocks.  The abundance of secondary 
phases is estimated to be ~20% in the exa mined weath-
ering rinds.  By comparison, deconvolution results sig-
nificantly underestimate plagioclase contents of the 
weathering rinds (Figure 1), indicating that primary 
mineral abundances derived from spectral modeling of 
weathered surfaces may be unrelialbe. 

The spectrum of the <1-µm separate from the Ari-
zona basalt weathering rind is shown in Figure 2, and 
represents the weathering product from these rocks.  
The spectrum has a broad absorption centered at ~1040 
cm-1 and is similar in shape to clay minerals and amo r-
phous silicates.  At long wavelengths, the 470 cm-1 
feature common to many of these materials appears as a 
shoulder, perhaps due to intimate mixing with Fe-
oxyhydroxides.  Also shown in Figure 2 are spectra of 
the weathered surface and unweathered rock interior.  
The weathered surface spectrum shows features of 
both the <1-µm separate and the unweathered rock 
spectra.  However, modeling of the weathered surface 
spectrum using the <1-µm separate and unweathered 
rock surface as the only endmembers failed to produce 
a good fit  (Figure 2); spectral mixing of material in the 
weathering rind is nonlinear.  Deconvolution of the 
weathered surface using a library of mineral endmem-
bers plus the <1-µm separate suggested the presence 
of additional clay minerals (in greater abundance than 
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the <1-µm separate) and included orthoclase feldspar, a 
phase not present in the weathering rind, at >20% 
abundance.  

Discussion:  In the rocks studied here, weathering 
rinds are composed dominantly of primary minerals.  
Secondary minerals infill small cracks in the rinds, and 
make up a relatively small percentage of the total vol-
ume.  The mixture of primary minerals and fine-grained 
secondary phases leads to nonlinear mixing of comp o-
nent spectra, which is predictable based on previous 
work invovling fine-grained materials [11].  Conse-
quently, linear deconvolution of thermal emission spec-
tra  of weathered surfaces fails to accurately determine 
(1) the relative abundances of primary mineral phases 
and (2) the identity of secondary silicate phases.  
These problems stem from the fine-scale geometry of 
weathering rinds, where fine-grained weathering prod-
ucts are intimately dispersed with primary phases on 
the scale of a few to 10s of µm.  We expect that similar 
problems would occur in any similar situation, includ-
ing weathered particulates and soils.  The results indi-
cate that relatively small amounts of weathering prod-

ucts have a pronounced effect on the ability to assess  
mineralogy by spectral modeling, suggesting that these 
issues occur for lightly weathered surfaces.  Determin-
ing the primary mineralogy of rocks from spectra of 
weathered surfaces is complicated and will require 
techniques beyond linear deconvolution, as will a ro-
bust assessment of the mineralogy of weathering prod-
ucts. 
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Figure 1.  Comparison of plagioclase and pyroxene abundances derived from SEM analysis to those from deconvolution modeling of 
thermal emission spectra for the unweathered and weathered surfaces of two basaltic rocks.  
 

 
 
Figure 2. (a) Spectra of unweathered basalt, the weathered surface, and <1 µm size fraction (weathering product) separated from the 
weathering rind.  (b) Three fits of linear deconvolution models.  The top model used only the unweathered rock and <1 µm separate 
spectra as endmembers and produced a poor fit.  To attain better fits, models were performed using a mineral library.  Additional clay 
minerals (15-20 %) and orthoclase (~22 %) were required for the lower two models.  
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