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Visible and near-infrared spectroscopy (VIS-NIR) is used extensively for remote sensing of lunar mineral 
composition from orbit and from Earth [e.g., 11, and mid-idhred spectroscopy (MR) has been proposed for use 
from orbit [e.g., 21. Both methods are under consideration for on-surface analysis. We suggest that Raman 
spectroscopy would be a superior rover-based tool for mineral identification. Sharp, nonaerlapping Raman bands 
provide unambiguous mineral identification and, for olivine, they provide information on Mg/(Mg+Fe), an 
important petrologic parameter. Recent developments in lasers, energy analyzers, and detectors make possible 
sensitive, rapid analysis with physically robust instruments of small volume, light weight, and low power. 
Although discussed here for lunar silicates, Raman spectroscopy is also sensitive to oxyanions such as phosphates 
and carbonates, and to organic compounds, and could be used on Mars, asteroids, and other planetary surfhces. 

Both Raman and infixed spectra can "hger-print" mineral species and, thus, both can be used for mineral 
identification and to provide semiquantitative to quantitative determination of mineral proportions and some 
information about mineral compositions. Remote sensing of lunar soils so far has been done mainly by VIS-NIR 
(0.3 to 2.6 pm, -4,000 to 30,000 cm-', [e.g., 11). Laboratory work has extended the spectral range into the MIR (3- 
12 pm, -800 to 3,000 an-'; [e.g., 2,3]). 

Figure 1 shows Raman spectra for a grain of olivine taken from soil 76501, and for plagioclase in 67503,7012 
and pyroxene in 14161,7062 from thin sections. These spectra were taken with a laser-Raman microprobe (Jobin- 
Yvon Company S3O0Ow) with a 514.5 nm exciting line, Czerny-Turner configuration, and a photodiode array as 
multichannel detector. To approximate the -200 pm spot we suggest for a rover system, we severely degraded the 
capability of the instrument by using a microscope objective with a low magmfication (20x, NA=0.3) to obtain a 
spot -50 pm in diameter, and a grating that provided spectral resolution of -7 cm-' in the 100-1400 cm-' region. 
Lunar rock chips and soils (<I mm fines) were placed on glass slides to simulate measurement in situ. For each 
such sample, measurements from several 50 pm spots were summed to make a composite spectrum to simulate the 
spectrum from a single larger spot. Spectra of at least the same quality should be obtainable by the suggested rover 
Raman system. Each measurement took 1 to 10 minutes at 7mW laser power. 

Raman peak widths for olivine, pyroxene, and plagioclase (Fig. 1) are sharp, typically -5 to 20 cm-' FWHH 
(fdl width at half height), compared to -3,000 cm-' FWHH for the olivine-pyroxene charge-transfer band and 
>200 cm-' for the MIR bands, examples of which are shown in Fig. 2. Plagioclase, the most abundant lunar 
surface mineral, yields Raman peaks, but does not absorb in the VIS-NIR. It absorbs in the MIR, but its peaks 
overlap those of olivine and pyroxene. The main Raman peak positions of those three minerals do not overlap each 
other. The broad inflared charge-transfer band at -10,000 cm-' (Fig. 2) is produced by an Fe transition in olivine 
or pyroxene. The principal bands of olivine and pyroxene overlap strongly; pyroxene, however, produces a second 
band at -5,000 cm-'. Because only Fe undergoes the transition, estimating the proportion of pyroxene or olivine 
requires a value for Mg/(Mg+Fe). In contrast, Raman and MIR bands arise from vibrations of the silicate anion 
rather than from a specific cation, and thus are (complexly) related to the amount of mineral present. Silicate 
anion vibrations are sensitive to structure, so orthopyroxene, clinopyroxene, and triclinic pyroxenoid can probably 
be distinguished from each other by their Raman peaks. Also, Raman peak positions for olivine change linearly 
with Mg/(Mg+Fe) [4]. Massbauer spectrometry is also under consideration for use on a lunar rover [e.g., 51. 
Sensitive only to iron, Messbauer spectroscopy cannot distinguish between small amounts of Fe-rich olivine and 
larger amounts of Fe-poor olivine (or Fe-rich versus Fe-poor pyroxene). The method complements Raman 
spectroscopy, however, in its ability to quanu@ F ~ O  and Fe oxides such as ilmenite, a poor Raman scatterer. 

Figure 3 shows composite spectra from four lunar soils. The spectrum of anorthositic soil 675 11 is dominated 
by peaks from plagioclase and shows mild fluorescence at higher wavenumbers. No pyroxene peaks are evident; 
rather broad peaks, possibly from plagioclase fluorescence, occur in the pyroxene regions. Soil 71501 shows 
strong peaks fiom pyroxene and plagioclase, and weak peaks from olivine, consistent with its derivation mainly 
from high-Ti mare basalt. The positions of the olivine peaks indicate a composition of F o ~ ~ ~ ~ ;  most olivines in A- 
17 high-Ti basalts have F060-~0 [6]. The composite spectra of noritic soils 76501 and 73241 also contain peaks for 
pyroxene, plagioclase, and olivine, with olivine more abundant than in the mare soil. The broader peaks may 
reflect the known spread of olivine compositions and pyroxene structural types in these soils. The peak positions of 
olivine in soil 76501 correspond to the composition Fosstlo; we find by electron probe microanalysis that olivine in 
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76503 troctolitic anorthosite is -%. The olivine peaks of soil 73241 indicate Foswlo, consistent with the value of 
F070 estimated from the norm and the absence of a troctolitic-anorthosite component in that soil. Peak positions 
suggest that clinopyroxenes are more abundant than orthopyroxene in 76501, and the reverse in 73241, consistent 
with petrographic data 

Raman spectroscopy offers instrumental simplicity by operating entirely in the visible range of the spectrum. 
A rover-based Raman spectrometer could have a low-power laser as exciting source; highly efficient, transmission- 
mode energy analyzer with holographic optics; and a CCD detector. A 200 j.tm diameter central core fiber of a 
multiple optical fiber bundle could transfer the excitation beam to the target, and surrounding fibers would collect 
the scattered radiation with favorable 180' scattering geometry. The optical £iber bundle could be placed in a 
protective head and attached to a flexiile mechanical arm, and would thus work as an agde probe to obtain in-situ 
spectra of rocks and soils. Based on the size of an existing spectrometer designed for indumial process control 
(HoloSpec fll.8"", Kaiser Optical Systems, Inc.), the spectrometer (sans cable) could fit into a <20 cm cube. 
Except for the cable and sensor head, the system would have no moving parts. 
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Fig. 1. Visible-range Raman spectra for lunar minerals; shifts are Av=vcrv 
(this work). Intensity is in arbitrary units on all figures. Fig. 2. a. Telescopic 
VISNIR charge transfer spectrum of a mare region (after [I]); b. Laboratorf 400- - 
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[3]). Fig. 3. Visible-range Rarnan spectra of <I mm lunar fines (this work). 
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