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Although Mars is predicted to contain carbonate due to possible fixing of atmospheric 
carbon dioxide or weathering of various silicate minerals [e.g., 1-31 there exist no definitive data 
which support wbonate being present on the planet. Carbonate, as well as other minerals, may be 
identified using thermal emission spectroscopy, a technique which utilizes differences in 
vibrational motions of atoms within a solid to determine mineralogy [ 4 4 .  The primary purpose of 
this study is to determine the m u m  volume percent of carbonate in an unconsolidated sediment 
mixture that is necessary for detection by a laboratory thermal emission spectrometer. Sediment 
mixtures consisting of calcite and fine-grained palagonite are used to emulate the possible 
composition of Martian soil. Additionally, infrared emission spectra of carbonate-bearing 
terrestrial desert crusts are compared to those of compositionally identical unconsolidated soil to 
determine the effect of indmtion on the resultant spectra. 

Vibrational spectroscopy, using the thermal infrared 2000 to 400 cm-1 region (5 to 25 
microns), is useful for determining surface mineralogy and will enable identification of carbonate, 
if present. This analytical method measures the mid-infrared energy emitted from a surface that 
varies according to the composition of the material. Fundamental bond vibrations within a crystal 
lattice produce absorption features that are unique to each mineral such that its spectnun can be 
used for mineral identification. A typical carbonate mineral, calcite ( C a m ) ,  exhibits diagnostic 
absorption features at approximately 1530 and 884 cm-1. To provide evidence for carbonate on 
Mars' surface, a mid infrared spectnun should display these features, singly or in combination. 

Large areas of carbonate on Mars, such as those that may exist as crater floor deposits, 
should be easily recognizable using thermal emission spectroscopy, provided the carbonate 
represents an adequate portion of the spectrometeis field of view. However, if the carbonate is 
not present as bedrock, but rather as grains, detection of the carbonate becomes more difficult. 
Such a situation could exist where carbonate grains are located within the Martian soil fmm in situ 
weathering of basalt or entrainment into the dust and redeposition associated with Martian dust 
storms. Under these circumstances carbonate detection will be mare difficult due to the decreased 
volume percent of carbonate and the shallowing of spectral absorption features associated with 
multiple scattering in soils. 

To determine the minimum volume percent of carbonate necessary to be apparent in an 
emission spectrum of unconsolidated soil, intimate mixtures of optical calcite (Iceland spar) grains 
and fine-grained Hawaiian palagonite are analyzed. The palagonite endmember is used because 
previous visible and near infrared reflection analyses of Mars' surface suggest that terrestrial 
palago~te (an amorphous weathering product of basalt) may be an analog of the Martian soil [e.g., 
71. The palagonite is dry sieved and subsequently the 0 to 63 micron fraction is finely ground 
using a mortar and pestle to assure that the grains are minimally flocculated. Various amounts of 
180 to 250 micron grains of calcite are added to the palagonite and vigorously shaken to produce 
unconsolidated sediment mixtures containing 0 to 20 volume percent carbonate. After sample 
analyses are complete, the spectrum of the pure palagonite (0% calcite) sample is subtracted from 
each of the mixed sample spectra to produce spectra of the difference between the mixture 
containing carbonate and the pure palagonite endmember. This is done to examine the 
"contaminant" (i.e., the carbonate) in the palagonite. These spectra are shown in Figure 1 
accompanied by a spectrum of pure (100%) calcite grains (180 to 250 microns) for comparison. 
The deepest calcite absorption feature occurs at -1530 cm-I but affects the wavelength region 
between 1585 and 1350 cm-1. It is this broad absorption band that is identifiable in the spectra of 
the calcitelpalagonite mixtures and can be used to indicate the presence of carbonate in an intimate 
soil mixture. Based on our results, we suggest that the carbonate must be approximately 8 volume 
percent of the soil to be identified with confidence, according to the parameters of our Mattson 
Cygnus spectrometer with a spectral resolution of 4 cm-1. It should be noted, however, that this 
experiment represents a nearly worst-case scenario where the sediment that is fine-grained has a 
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significant muting effect on the diagnostic spectral features due to multiple scattering and increased 
blackbody behavior within an unconsolidated sediment. If these grains were present in a coarse- 
grained mixture, carbonate at less than 5% by volume could be detected, as demonstrated by [8]. 

Determining how induration (or crusting) of a carbonate-bearing sediment affects the 
thermal emission spectnun and detectability of carbonate is a second goal of this study. Induration 
is of interest because images and chemical data acquired from the Viking landers at Chryse and 
Utopia Planitae reveal a Martian surface comprised of rocks and finer-grained soil that appears 
crusted at the surface as indicated during sediment trenching by the sampling arms [9]. X-ray 
fluorescence analyses and investigations by others [3,10-121 suggest that the cementing agent for 
the Martian crusts are salts such as sulfates and carbonates. 

Crusted desert sediment from South Fork Coyote Wash, west of El Centro, California, 
was collected and broken into small -2 cm diameter pieces. A few crusts from the sub-divided 
sample were lightly crushed in a mortar (no grinding was done) and these looser sediments as well 
as the unaltered desert crusts were spectrally analyzed The resultant spectra are shown in Figure 
2. Although these samples are identical in composition (containing both calcite and quartz) the 
absorption features are deeper for the indurated sediment than those features associated with the 
unconsolidated sediment. These data suggest that crusting enhances the mid-infrared spectral 
features and thus increases the potential for detection and identification of the minerals that 
constitute the indurated soil. These results are consistent with an increase in spectral contrast 
associated with a decrease in porosity as demonstrated by [13]. 

In summary, unconsolidated palagonite soils that may be analogous in composition to soils 
on Mars would have to contain carbonate at approximately 8 percent by volume for the carbonate to 
be confidently detected, assuming the spectra were acquired using a spectrometer with similar 
parameters to the laboratory spectrometer used for this study. However, this carbonate 
detectability limit may be decreased if the sediment is either coarse-grained or indurated as is 
proposed for Martian soils [9] which would increase the probability for carbonate identification. 
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Figure I .  Spectra of the difference between Figure 2. Spectra of unconsolidated (top 2 )  
pure palagonite and the sediment mixnues and indurated (bottom 2 )  desert sediments 
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