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Introduction: Remote sensing is a primary 
method for determining martian surface mineralogy.  
Remote sensing data from the Thermal Emission Spec-
trometer (TES) show the surface of Mars can be di-
vided into two broad surface compositions: Surface 
Type 1 (ST1) and Surface Type 2 (ST2) [1].  ST1 is ba-
salt, comprised mostly of plagioclase and pyroxene, 
with plagioclase/pyroxene (plag/px) ratios ranging from 
0.7-3.8 [1-6].  ST2 is either basaltic andesite or weath-
ered basalt, comprised mostly of plagioclase and a 
high-silica phase [1,2,4,7].  The mo deled pyroxene 
abundance of ST2 is near the detection limit, resulting 
in a plag/px ratio that is generally higher than that of 
ST1: 0.7-6.1 [1-6].  Two main scenarios have been used 
to explain the differences in plagioclase and pyroxene 
abundances across the martian surface: 1) they repre-
sent the original abundances of volcanic rocks [1,7]; 
and/or 2) pyroxene has been preferentially weathered, 
creating plag/px ratios that are higher than the original 
rocks [8-11]. 

We suggest a third scenario to explain the varia-
tions in ST1 and ST2 primary mineralogy: Small 
amounts of secondary silicates from water-rock interac-
tions might adversely affect the linear deconvolution 
model results for TIR spectra that have been used to 
derive the martian mineral abundances.  Ramsey and 
Christensen (1998) [12] showed that the presence of 
fine-grained minerals (<60 µm) adversely affected the 
minerals modeled from thermal infrared (TIR) spectra of 
particulate mixtures due to volume scattering effects.  
Because they are fine-grained, secondary silicates – 
such as clays, amorphous silica, and allophane – may 
influence TIR spectra in such a way that remote sens-
ing interpretations of even lightly weathered martian 
surfaces deviate from the actual composition of the 
surfaces.  This effect is also seen in materials with dif-
ferent textures, such as weathering rinds, where there is 
an intimate mixture of primary and secondary phases 
over a scale of a few 10s of µm [13].  Our research in-
vestigates  the spectral effects from small amounts of 
fine-grained secondary silicates to investigate the pos-
sibility of chemical weathering of the martian surface. 

Previous Research.  The research presented here 
stems from previous work studying how natural weath-
ering rinds on terrestrial basalts affect the TIR spec-

troscopy and modeled mineralogy of underlying fresh 
basalt.  Those studies demonstrated that light weather-
ing caused systematic changes to IR spectra as well as 
systematic variations in mineralogy modeled by linear 
deconvolution [14].  Further work has shown the pri-
mary mineralogy of basalts (i.e. the plag/px ratio) is 
poorly modeled from spectra of weathered surfaces due 
to texture and authigenic phases rather than the 
preferential dissolution of primary minerals [13].  It is 
likely that the presence of poorly-crystalline secondary 
silicates affected the modeled primary mineralogy in 
these studies.  It has been suggested that the presence 
of secondary silicates causes non-linear effects in TIR 
spectral models because the absorption of energy by 
primary and secondary silicates occur over similar 
wavelengths, which may interfere with the ability to 
model certain phases [13].  Kraft et al. (2003) [15] deter-
mined that thin amorphous silica coatings greatly af-
fected emission spectra of basaltic substrates, causing 
non-linear effects in spectral models .  However, natural 
weathering results in a texturally complex mixture of 
multiple primary and secondary phases [8,12,13]; our 
research attempts to simplify the complex nature of 
weathering to understand how different secondary 
silicates systematically affect the modeled abundances 
of different primary silicates. 

Evidence for Chemical Weathering on Mars.  
Spectral evidence for widespread occurrences of sec-
ondary silicates on Mars is ambiguous.  Visible-near 
infrared (VNIR) spectral data from OMEGA on Mars 
Express show evidence for localized concentrations of 
phyllosilicates [16,17].  Alternatively, evidence for sec-
ondary silicates in TIR data is unclear.  TES spectral 
models identify a global high-silica phase that is most 
concentrated in ST2.  Spectral similarities between 
high-silica phases allow this phase to be interpreted as 
primary volcanic glass (indicating a dry climate) or a 
secondary alteration phase from water-rock interac-
tions, including amorphous silica coatings, phyllosili-
cates, zeolites, and poorly-crystalline secondary sili-
cates such as those found in weathering rinds 
[4,12,14,18,19]. 

The extent of alteration is debated for ground-
based observations as well.  Mini-TES spectral models 
from MER Spirit of Clovis  and Watchtower Class rocks 
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from Gusev crater indicate the composition of these 
rocks is nearly 50% basaltic glass [20].  However, 
APXS and Mossbauer data indicate the rocks have 
been chemically altered [21-23].  Ming et al. (2006) used 
APXS, Mossbauer, and Mini-TES data to model the 
mineral compositions of the rocks of the Columbia Hills 
and showed that Clovis Class rocks are the most al-
tered and are made up of at least 30% alteration phases 
from aqueous processes.  There is clearly a disconnect 
between the modeled mineral abundances from TES 
spectra and chemical data, so one question that must 
be addressed is: Can the presence of secondary altera-
tion products on the martian surface explain the identi-
fication of volcanic glass in spectral models? 

Methods:  Chemical weathering of basalt results 
in an intimate mixture of many primary and secondary 
phases.  To understand how chemical weathering af-
fects remote sensing measurements and interpretations, 
it is necessary to simplify the materials  and investigate 
how individual weathering products affect the modeled 
mineralogy of a single primary phase or a simple mixture 
of primary phases.  To simplify weathering, we created 
physical mixtures of one or two primary silicates and a 
single secondary silicate.  Primary minerals included 
those commonly identified on the martian surface: pla-
gioclase (andesine) and clinopyroxene (augite).  We 
used the fine-sand size fraction (75-106 µm) because 
this size is large enough to avoid particle scattering 
effects [12,15].  The secondary silicates investigated (< 
2 µm) included montmorillonite clay, synthetic amo r-
phous silica, and synthetic aluminous amo rphous silica 
with an Al/Si ratio of 0.125.  The secondary silicates 
have a range of Al/Si ratios because Al substitution for 
Si causes the Si-O asymmetric stretching absorptions 
to shift to longer wavelengths.  Since the Si-O stretch-
ing absorptions of the secondary silicates occur at 
slightly different wavelengths and are in the same spec-
tral region as the primary silicates, it is expected that 
the presence of one secondary silicate in a mixture of 
primary minerals will affect the modeled primary mineral 
abundances  differently than if another secondary sili-
cate was present.   

To investigate how the abundance of secondary 
silicate affects modeled primary mineral abundances, 
we added the secondary silicate to mixtures in abun-
dances of 2.5, 5, 10, and 20 wt%.  To mix the primary 
and secondary phases, we added 0.5 g of each mixture 
to a few mL of dilute HCl to suspend the secondary 
phase.  The mixture was then evaporated to coat the 
primary grains with the secondary grains.  Loose par-

ticulate mixtures were created to mimic the texture of 
loose soil.  The particulates were then compressed into 
pellets to mimic the texture of weathering rinds. 

We acquired TIR emission spectra of the mix-
tures at the Mars Space Flight Facility at Arizona State 
University using a Nicolet Nexus 670 Fourier-transform 
infrared spectrometer configured to measure emitted 
energy [24,25].  Emitted energy was measured from 200-
2000 cm-1 with 2 cm-1 spectral resolution.  TIR spectra 
were modeled by linear deconvolution from 350-1300 
cm-1.  Linear deconvolution is  a linear least squares 
solution to measured spectra using  individual mineral 
spectra in a library.  It is a valid technique for modeling 
the mineralogy of fresh igneous and metamorphic 
rocks, SNC meteorites, and coarse-grained mixtures of 
primary minerals [12,26-30].  We modeled the spectra 
with two libraries.  Library 1 contained the materials in 
the mixtures and other minerals commonly found in 
weathered basalts to investigate if other phases that 
were not present in the mixtures are identified in the 
models  (Table 1), and to examine how “real-world” 
modeling might be influenced by the presence of sec-
ondary silicates.  Library 2 contained only the materials 
in the mixtures to determine if the measured spectra 
could be modeled as linear mixtures (Table 2).  The va-
lidity of the models was determined through visual in-
spection of how closely the models fit  the original 
spectra and the root mean square (RMS) error of the 
models .  Finally, we compared the mo deled mineral 
abundances  to the actual abundances  of the mixtures 
to determine how the different secondary silicates af-
fect the spectra and modeled mineralogy of different 
primary minerals commonly found on Mars. 

Results:  Linear deconvolution models using Li-
brary 1 for mixtures that contained 50:50 wt % andesine 
and augite were systematically inaccurate depending 
on the type of secondary phase present (Fig. 1): the 
presence of amorphous silica caused the mo deled 
plag/px ratios to increase, while the presence of mont-
morillonite caused the modeled plag/px ratios to de-
crease.  Additionally, visual inspection and RMS errors 
of these models showed models fit well with measured 
spectra (Fig. 2), indicating that systematic changes of 
plag/px ratios with different secondary materials are not 
an artifact of poor model fits to measured spectra. 

Results also show primary glass (basaltic glass 
and high-silica glass) was often modeled in significant 
amounts (Fig. 3).  Some models identified 40 vol% pri-
mary glass, even though primary glass was not present 
in the mixtures.   
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Linear deconvolution models using Library 2 
demonstrate mineral spectra mix non-linearly.  There-
fore, there will be errors in utilizing linear deconvolution  
to analyze our spectra, including the inability to accu-
rately determine the abundances of the phases in our 
mixtures.  For example, models of mixtures that con-
tained montmorillonite consistently overestimated 
montmorillonite (Fig. 4), while models of mixtures that 
contained amorphous silica consistently underesti-
mated amo rphous silica abundances and in many cases 
did not identify any amorphous silica (Fig. 5).  This may 
indicate that amorphous silica is difficult to identify 
using TIR spectroscopy and linear deconvolution. 

Implications for Martian Surface Mineralogy:  Our 
results show that the presence of different chemical 
weathering products cause systematic differences in 
modeled plag/px ratios.  This implies that small amounts 
of weathering products on the martian surface may 
result in modeled primary mineral abundances that dif-
fer from the actual abundances, causing a possible mis-
interpretation of the igneous history of the martian sur-
face.  Our results are consistent with light chemical 
weathering on ST2 resulting in a high-silica secondary 
phase (such as amorphous silica), which may cause 
modeled plagioclase to increase and modeled pyroxene 
to decrease relative to actual abundances.  Therefore, 
ST2 may have more pyroxene and less plagioclase than 
has been previously described [1,7], causing it to have 
a basaltic rather than andesitic composition. 

Our results also show that the presence of a secon-
dary silicate can cause the false identification of vol-
canic glass in linear deconvolution models.  Therefore, 
the identification of primary glass in ST2 and Mini-TES 
models of Clovis and Watchtower Class rocks from the 
Columbia Hills could be caused by the presence of 
secondary silicates, indicating ST2 and Clovis and 
Watchtower Class rocks are weathered basalts.  This is 
consistent with APXS and Mossbauer data from rocks 
of the Columbia Hills, which show that some rocks 
have been chemically altered. 

References: [1] Bandfield J. L. et al. (2000) Science, 
287, 1626-1630. [2] Rogers A. D. and Christensen P.R. 
(2007) JGR, 112, doi:10.1029/2006JE002727. 
[3] Hamilton V. C. et al. (2001) JGR, 106, 14,733-14,746. 
[4] Wyatt M. B. and McSween H. Y. (2002) Nature, 
417, 263-266. [5] McSween H. Y. et al. (2003) JGR, 108, 
doi:10.1029/2003JE002175. [6] Michalski J. R. et al. 
(2006) JGR, 111, doi: 10.1029/2005JE002438. [7] Band-
field J. L. (2002) JGR, 107, doi:10.1029/2001JE001802. [8] 
Colman S. M. (1982) Geol. Surv., U.S. Dep. of the Inte-
rior, 51 pp. [9] Eggleton R. A. et al. (1987) Clays Clay 
Min., 35, 161-169 [10] Michalski J. R. et al. (2004) JGR, 
109, doi:10.1029/2003JE002197. [11] McAdam A. C. et 

al. (2006) LPS XXXVII, 2363. [12] Ramsey M. S. and 
Christensen P. R. (1998) JGR, 103, 577-596. [13] Kraft 
M. D. et al. (2006) LPS XXXVII, Abstract #2449. [14] 
Michalski J. R. et al. (2006) EPSL, 248, 822-829. [15] 
Kraft M. D. et al. (2003) Geophys. Res. Let., 30, 
doi:10.1029/2003GL018848. [16] Poulet F. et al. (2005) 
Nature, 438, 623-627. [17] Bibring J.-P. (2006), Science, 
312, 400-404. [18] Ruff S. W. et al. (2004) Icarus, 168, 
131-143. [19] Koeppen W. C. and Hamilton V. E. (2005) 
JGR, 110, doi:10.1029/2005JE002474. [20] Ruff S. W. et 
al. (2006) JGR, 111, doi:10.1029/2006JE002747. [21] 
Ming D. W. et al. (2006) JGR, 111, 
doi:10.1029/2005JE002560. [22] Morris R. V. et al. (2004) 
Science, 305, 833-836, doi: 10.1126/science.1100020. 
[23] Klingelhofer, G. et al. (2004) Science, 306, 1740-
1745, doi: 10.1126/science.1104653. [24] Christensen P. 
R. and Harrison S. T. (1993) JGR, 98, 19,819-19,834. [25] 
Ruff S. W. et al. (1997) JGR, 102, 14,899-14,913. [26] 
Ruff S. W. (1998) Ph.D. Dissertation, Arizona State 
University. [27] Ruff S. W. (1998) Ph.D. Dissertation, 
Arizona State University. [28] Wyatt M. B. (2001) JGR 
106, 14,711-14,732. [29] Hamilton V. E. and Christensen 
P. R. (2000) JGR, 105, 9701-9716. [30] Feely K.C. and 
Christensen P. R. (1999) JGR, 104, 24,195-24,210.  [31] 
Christensen et al. (2000) JGR, 105, 9735–9740. [32] 
Wyatt et al. (2001) JGR, 106, 14,711–14,732. 
 
Table 1. End-members in Library 1. 

Olivine (forsterite and fayalite) 
5 pyroxenes (including augite particulate and pellet) 
5 plagioclases (including andesine particulate and pellet ) 

3 Fe oxides (Magnetite, Ilmenite, Hematite) 
Apatite ML-P2 96 
K-rich, high-SiO2 glass  
2 Basalt glasses (LC m8_1201b, MBW) 
4 clays, compressed pellets (including montmorillonite) 
Opal-A, compressed pellet  
Synthetic aluminous silica, Al/Si=0.125, compressed pellet  
Lines with negative slopes (-3E-4 , -2E-4, -1E-4, -5E-5, -
2.5E-5, -1E-5) 

Spectra are from [31] and [32]. 
 
Table 2. End-members in Library 2. 

Andesine BUR 240: 75-106 mm, particulate 
Andesine BUR 240: 75-106 mm, particulate, washed 
Andesine BUR 240: 75-106 mm, compressed pellet  
Andesine BUR 240: 75-106 mm, compressed pellet, washed 
Augite WAR 6474: 75-106 mm, particulate 
Augite WAR 6474: 75-106 mm, particulate, washed 
Augite WAR 6474: 75-106 mm, compressed pellet  
Augite WAR 6474: 75-106 mm, compressed pellet, washed 
Synthetic amorphous silica: compressed pellet  
Montmorillonite: Swy-1, <0.2 microns, compressed pellet  
Synthetic aluminous silica, Al/Si=0.125, compressed pellet  
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Figure  1. Modeled plag/px ratios vs. known vol% of the secon-
dary phase present in mixtures containing 50:50 wt% 
augite:andesine.  The gray horizontal line represents the actual 
plag/px volume ratio in the mixtures.  The addition of amor-
phous silica causes the modeled plag/px ratio to increase, while 
the addition of montmorillonite causes the modeled plag/px 
ratio to decrease.  The blue data point in the upper right-hand 
corner actually plotted at a plag/px ratio of 7.9. 
 

 
Figure  2. Measured spectra (in black) of mixtures containing 5 
wt% secondary phase and 50:50 augite:andesine with respective 
models from linear deconvolution using the second library in 
red.  The spectra are offset in emissivity for clarity.  The up-
permost spectrum is from a part iculate sample and the two 
lower spectra are from compressed pellet samples.   Visual in-
spection and RMS errors show the models compare well with 
the measured spectra. 
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Figure  3. Modeled vol% primary glass (basaltic glass and high-
silica glass) vs. known vol% secondary phase of mixtures con-
taining montmorillonite or amorphous silica.  The presence of 
montmorillonite or amorphous silica can cause the false identi-
fication of significant amounts of volcanic glass. 
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Figure  4. Plot of modeled vol% montmorillonite vs. actual 
vol% montmorillonite.  If models correctly identified the abun-
dances of montmorillonite in the mixtures, the points would 
plot on the dotted line.  Instead, montmorillonite is overest i-
mated.  
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Figure  5. Plot of modeled vol% silica vs. actual vol% silica.  If 
models correctly identified the abundances of amorphous silica 
in the mixtures, the points would plot on the dotted line.  In-
stead, silica is generally underestimated and often not identified 
in models of particulate samples. 
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