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Introduction:  Fe-Ti-Cr-Oxide minerals contain 

much information about rock petrogenesis and altera-
tion. Among the most important in the petrology of 
common intrusive and extrusive rocks are those of the 
FeO-TiO2-Cr2O3 compositional system – chromite, 
ulvöspinel-magnetite, and ilmenite-hematite. These 
minerals retain memories of oxygen fugacity. Their 
exsolution into companion mineral pairs give con-
straints on formation temperature and cooling rate [1]. 

Laser Raman spectroscopy is anticipated to be a 
powerful technique for characterization of materials on 
the surface of Mars [2]. A Mars Microbeam Raman 
Spectrometer (MMRS) is under development [3]. It 
combines a micro sized laser beam and an automatic 
point-counting mechanism, and so can detect minor 
minerals or weak Raman-scattering phases such as Fe-
Ti-Cr-oxides in mixtures (rocks & soils), and provide 
information on grain size and mineral mode.     

Most Fe-Ti-Cr-oxides produce weaker Raman sig-
nals than those from oxyanionic minerals, e.g. carbon-
ates, sulfates, phosphates, and silicates, partly because 
most of them are intrinsically weaker Raman scatters, 
and partly because their dark colors limit the penetra-
tion depth of the excitation laser beam (visible wave-
length) and of the Raman radiation produced. The pur-
pose of this study is to show how well the Fe-Ti-Cr-
oxides can be characterized by on-surface planetary 
exploration using Raman spectroscopy. We studied the 
basic Raman features of common examples of these 
minerals using well-characterized individual mineral 
grains [4]. The knowledge gained was then used to 
study the Fe-Ti-Cr-oxides in Martian meteorite 
EETA79001, especially effects of compositional and 
structural variations on their Raman features.  

Experiments:  Point-counting Raman measure-
ments [5] were made on original or roughly-cut sur-
faces of five rock chips of EETA79001 (one chip from 
lithology A #476, four from lithology B #482), to 
simulate the automated point-counting traverses as 
anticipated for in situ Raman measurements on unpre-
pared rock surfaces in a planetary mission [6]. A labo-
ratory Raman system (HoloLab5000) with an auto-
matic scanning stage was used. A 20x long working 
distance objective was used to condense the laser beam 
into a ~6 µm diameter beam at focus. Laser power was 
9 mW, and recording time per spectrum was fixed for 
each traverse (10 or 50 s). Each rock chip was moved 
laterally beneath the laser beam to produce a linear 

traverse, and spectra were taken at fixed intervals. The 
laser beam was focused only at the beginning of each 
traverse. Most sampling points were thus off-focus, 
which reduces the signal-to-noise (S/N), but good 
spectra were nevertheless obtained. Also, because of 
the roughness of the rock surfaces, the sampling vol-
umes in measurements on unprepared rock surfaces are 
somewhat larger than those on a polished section. For 
the spectra obtained by Raman point-counting meas-
urements on rocks, peak positions were obtained to ~± 
0.5 cm-1 visually from the symmetric center of each 
peak after a baseline subtraction of the raw spectrum, 
or by curve fitting for the weaker spectra. The last 
spectra in Figure 1 was taken by the current Advanced 
Brassboard of MMRS.   
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Figure 1. Typical Raman spectra of Fe-Ti-Cr-Oxides 
 Results & Discussions:  Figure 1 shows typical 

Raman spectra of Fe-Cr-Ti-oxides from well-
characterized mineral grains. Distinguishing among 
chromite-, magnetite-ulvöspinel-, and ilmenite-
hematite series minerals relies on the spectral patterns 
and positions of major and minor peaks. Cation ratios 
cause variation of major peak positions within each 
series. For example [4, 8], one can estimate the 
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(Cr+Fe3+)/(Cr+Fe3+ +Al) in the (Mg, Fe2+)(Cr, Fe3+, 
Al)2O4 chromite series, and the Mg/Fe ratio in the 
ilmenite-geikielite series. Intermediate members in 
magnetite-ulvöspinel series can be identified, but Ti/Fe 
values cannot be deduced from Raman peak positions 
due to the smaller difference between the atomic 
weights of Fe and Ti compared to Fe and Mg, and ef-
fects such as order-disorder or degree of crystallinity. 
Ti-rich hematite has a hematite spectral pattern with 
peak positions different from those of end-member 
hematite, and so can be distinguished readily from 
end-member ilmenite and hematite, although cult for 
the same reason as for the magnetite-ulvöspinel series. 

In the Raman spectroscopic study of martian mete-
orite EETA79001, chromite, magnetite, ulvöspinel, 
and ilmenite were identified in thin sections and small 
rock chips. Of the 1065 Raman spectra that we ob-
tained from 11 point-counting traverses on the rock 
chips of EETA79001 (4 on lithology A and 6 on 
lithology B using a 632.8 nm laser, and a 7th on lithol-
ogy B using a 532 nm laser with comparable results), 
70 contain spectral peaks of chromite, ilmenite, mag-
netite, or titano-magnetite. Most of these peaks appear 
in multiphase spectra along with peaks of major sili-
cates (pyroxene & olivine) and accessory phases (e.g., 
phosphates). Only ~1/3 of the chromite spectra and 
~1/3 of the ilmenite spectra are single-phase spectra. 
The laser beam was ~6 µm diameter at focus and it has 
an M2 value ~2.2, which corresponds to a ~50 µm 
beam diameter at ±200-250 µm defocus distance. 
These Raman observations suggest that the grain sizes 
of magnetite and titano-magnetite in both lithologies 
are quite small, and some chromite and ilmenite in 
lithology A occur as xenocrysts, which are consistent 
with the microscopic observation of thin sections [9]. 
The mineral proportions of the oxides found by Raman 
point-counting measurements is ~5%, which is within 
the range found by McSween and Jarosewich [9] (2.2-
4.0% opaques plus 0.3-1.1% mesostasis).   

Chromite was found only in rock chips of sample 
482 (lithology A). The major Raman peak positions of 
the chromite grains occur in the range of 679 cm-1 to 
699 cm-1. On the basis of a correlation reported previ-
ously [4, 8], the (Cr+Fe3+)/(Cr+Fe3++Al) ratios of the 
chromite grains range continuously between  0.75 and 
1.0. This range exceeds that of chromite cores in the 
EETA79001,442 thin section of the same lithology we 
analyzed using EMP (0.83 – 0.87). Part of the differ-
ence results from the lower precision of the Raman 
peak positions from the low S/N spectra obtained by 
point-counting measurements.  

The Raman peak positions of ilmenite found in the 
rock chips of this meteorite are at or below 680 cm-1, 

which suggests Ti/Fe ratios near 1.0. These values are 
consistent with the EMP measurements on ilmenite 
grains that we found in both thin sections of 
EETA79001 ,442 and  ,357 (lithologies A & B).  

Using a strong laser beam (9 mW fixed for point-
counting measurements), we observed that magnetite 
and titanomagnetite can apparently be oxidized in the 
laboratory environment, which does not occur when 
spectra are taken under a nitrogen atmosphere and us-
ing ~2mW laser power. The small sizes of those 
phases occurring in mesostasis appear to facilitate such 
oxidation. For field application, a trade-off needs to be 
considered among the strength of laser beam, duration 
of measurements, detectability of weak Raman scat-
ters, and original oxidation states of mineral phases. 
Even some magnetite and titanomagnetite grains were 
oxidized due to the un-favorable conditions in these 
point-counting measurements. We can, however, use 
peak positions from the hematite-like spectral pattern 
of oxidation products to determine their original 
phases. About 2/5 of these spectra have typical peak 
positions of an end-member hematite (doublet at 223-
225 cm-1 & 291-294 cm-1), so are from originally near-
endmember magnetite grains. The other 3/5 of the 
spectra have peak positions that occur over a wide 
range (216-221cm-1 & 280-290 cm-1), so were origi-
nally titanomagnetite, although some of the range may 
be caused by temperature effects [10]. 

Hematite has not been previously reported in 
EETA79001[9]. One hematite spectrum from rock 
chip 482 shows peak positions of end-member hema-
tite and has spectral features different from those of the 
other oxidation products. More specifically, all the 
fundamental vibrations are represented, the peaks are 
very sharp, and the S/N level is very high. This sug-
gests a well-crystallized hematite grain, which may be 
a rare but original phase in this meteorite.  
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