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A consortium has recently been established to ana-
lyze whole rock and mineral separates from Mars mete-
orites with a variety of spectroscopic techniques (visible
to far infrared reflectance and Mössbauer; see Pieters et
al., this volume [1]). This work presents analyses of
visible near-infrared (VNIR) spectra of pyroxene sepa-
rates from ALH84001, LEW88516, Nakhla, and Za-
gami. For the first time, these samples provide a suite of
Martian pyroxenes including low-calcium orthopyrox-
ene, high-calcium augite, and a pigeonite. The relative
purity of these separates allows us to examine the ori-
gins of specific absorptions in Martian samples without
potential confusion with other phases. Initial results
suggest that variations in site occupancy of Fe/Ca/Mg
play an import role in explaining their VNIR absorption
features. Mineral structural differences will also lead to
corresponding changes in the bending and stretching
features observed at mid- and far-infrared wavelengths
and therefore have implications for interpretation of
most Martian remote sensing data sets.

Sample Preparation. Pyroxene samples have been
painstakingly separated at Mt. Holyoke from samples of
ALH84001, Zagami, LEW88516, and Nakhla. Chips of
these meteorites were gently crushed by hand under
acetone to prevent oxidation during grinding. Minerals
were then hand separated using morphology and color
as discriminators. As a result, some separates could
contain contaminants of similarly colored phases. All
separates were first sent to the RELAB at Brown Uni-
versity for bidirectional and FTIR spectroscopic meas-
urements. Mössbauer spectra were then acquired at the
Mineral Spectroscopy Laboratory at Mount Holyoke
College. See [1,2] for more detailed descriptions.

Visible/Near-Infrared Spectra: Bidirectional re-
flectance spectra from 0.3 to 2.6 µm at 5 nm resolution
were acquired relative to halon (i=30°, e=0°). Visually
these spectra (Fig.1) are dominated by absorptions near
1 and 2 µm due to electronic transitions of Fe2+ located
in the distorted M2 sites within the pyroxene crystal
structure [3]. Variations in band position among these
samples are also clearly discernable.

Mössbauer Spectra: Collecting Mössbauer spectra
of the exact same samples provides key compositional
constraints. These data (Fig 2.) reveal that pyroxene has
been well separated from other phases, in particular
olivine. In all pyroxene spectra, olivine contamination is
< 3%. Only a tiny amount of Fe3+ is present in any of
the pyroxenes (<2% of the total Fe) [2].

Analysis. The VNIR spectra were further analyzed
with the Modified Gaussian (MGM) absorption band
model [4], which relies on an accurate shape model of

crystal field absorptions. Each spectrum is modeled with
a series of absorption bands (modified Gaussians) su-
per-imposed onto a baseline continuum that is a linear
function in energy and log reflectance. This technique
has been used by many investigators [3-7] to examine
VNIR spectra of SNC meteorites. Our initial work here
focuses on using the minimum number of absorption
bands necessary to explain the major features in these
Martian endmember spectra.
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Fig. 1. VNIR spectra of SNC pyroxene separates measured
with the RELAB bidirectional reflectance spectrometer.
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Fig. 2. Mössbauer spectra of SNC pyroxene separates (from
Dyar [2]).

Results. Fig. 3 presents the model fits for the four
pyroxene separates studied to date. Two of the samples,
ALH84001 and Nakhla, each show evidence for only
one pyroxene phase. Consistent with their composition,
ALH84001, an orthopyroxene, is modeled with low-
calcium absorptions. Conversely, Nakhla, an augite,
requires only high-calcium absorptions. In addition to
the dominant absorptions from the M2 site (solid col-
ored bands), both spectra require one additional absorp-
tion band in the 1-2 µm region. This absorption near
1.15 µm (dashed line) is due to Fe2+ in the M1 crystal-
lographic site [3]. The absence of plagioclase in these
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Fig. 3. Absorption band models of pyroxene separates.
Measured spectra (orange), baseline (dashed), model fit
(black), and error (pink). Dominant M2 Fe2+ absorptions
(solid red/blue) and M1 Fe2+ absorptions (dotted
red/blue) are indicated in color.

samples (by separating based on color or shocking into
maskeylinite), removes any ambiguity with its absorp-
tion near 1.2 µm. In Nakhla, a second M1 band at 0.92
µm is also resolved as predicted by theory [3].

The two other samples, Zagami and LEW88516,
each required absorptions from both low- and high-
calcium pyroxenes to fit the measured spectra in the 2
µm region (and thus 2 M1 bands are also used in the 1
µm region). This is particularly notable for LEW88516,
a pigeonite. In these samples an M1 absorption is also
required (dashed; near 1.15 µm) which is attributed to
both low- and high-calcium phases. It is possible a sec-
ond M1 band (near 0.92 µm) is also present, but was not
required in our initial models.

The resulting band position for these modeled py-
roxenes are shown in Fig 4. The high-calcium compo-
nents (blue) are very consistent suggesting similar
Fe/Mg/Ca compositions. There are however significant
differences in the positions of the low-calcium compo-
nents (red), which must also be related to cation chem-
istry and/or site occupancy between the M1 and M2
sites.
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Fig. 4: MGM derived band positions for four Martian
pyroxene separates. Background points are terrestrial
data from [8, 9]

Discussion.  Using the MGM, we are able to re-
solve individual absorptions that are not readily ob-
served visually. Results to date suggest that site occu-
pancy of various cations may play an important role in
these Martian pyroxene separates. Our future efforts
will continue to focus on a combined analysis of VNIR,
Mössbauer, and mid-IR spectra to more fully understand
these issues. In doing so, we hope to augment interpre-
tations and resolve apparent ambiguities that exist
among various remote sensing datasets [e.g. 10].
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