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Abstract.

We have acquired thermal infrared emission spectra of four Martian meteorite

samples, ALH77005, Nakhla, Zagami, and EET79001, representing three major lithologies
(Iherzolite, clinopyroxenite, and basalt). The spectra of these meteorites are significantly
different from each other, and we can distinguish the three lithologies easily on the basis
of their spectral morphologies. Using a linear deconvolution model, the modal
mineralogies of ALH77005, Nakhla, and Zagami were derived from their spectra to within
2-19% of the modes derived by optical methods. For Zagami and EET79001, the correct
mineral types were identified as present using the linear method, although an exact
spectral match using available end-member spectra was not obtained, probably due to the
lack of a pigeonite end-member spectrum or shock effects in the meteorites. The
meteorite spectra we have acquired will be used for comparison with data to be returned
by the thermal emission spectrometer (TES) on the Mars Global Surveyor orbiter and
would also be useful for comparing to future rover- or lander-based thermal IR spectra.
Based on our results, comparisons of mineral end-member and meteorite spectra with
TES spectra of coarse regolith and rocky regions should aid identification and mapping of

Martian surface lithologies and unit mineralogy.

1. Introduction

The SNC (shergottites, nakhlites, and Chassigny) meteorites
are distinctive achondrites with igneous compositions ranging
from basaltic to ultramafic (summarized by McSween [1985]).
Based on geochemical dating techniques, most of these sam-
ples are postulated to have crystallization ages of 1.3 Gyr or
younger [Shih et al., 1982; Nyquist et al., 1984; Jagoutz and
Winke, 1985; Jones, 1985]. Such young ages require a parent
body that was geologically active (and differentiating) late into
its history, implying a body of planetary size. Trapped gases in
SNCs have unusual relative isotopic abundances and compo-
sitions that are unique among meteorites, but are very similar
to the Martian atmosphere as measured by Viking [Bogard et
al., 1984; Becker and Pepin, 1984; Swindle et al., 1984]. These
unique characteristics point to Mars as the probable parent
body of the SNC meteorites [e.g., Wood and Ashwal, 1981;
McSween, 1984]. There are currently 12 recognized Martian
meteorites, and interest in these meteorites has risen to new
levels with the suggestion that one of the 12, ALH84001, may
contain evidence for primordial life on Mars [McKay et al.,
1996].

Two spectroscopic methods, based on the interaction of light
with either electronic transitions or the vibrational motions of
atoms and molecules, are commonly used to study geologic
materials. Electronic spectra exhibit absorptions due to elec-
tronic transitions in transition series elements, of which Fe is
the most geologically common. Spectral absorptions due to
electronic transitions are measured in the visible to near-
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infrared (VNIR) region of the electromagnetic spectrum
(0.35-2.5 um). Several excellent studies of the surface of Mars
have used electronic spectroscopy [Adams, 1968; Singer, 1980a,
b; Singer and Roush, 1985; Erard et al., 1990; Mustard et al.,
1990, 1993; Soderblom, 1992; Roush et al., 1993]. Absorptions
in VNIR spectra of the bright and dark regions of Mars, with
the exception of bands due to atmospheric CO,, are all attrib-
uted to the presence of Fe?* and Fe** [Roush et al., 1993], and
McSween [1994] suggested that near-infrared spectra of dark,
presumably rocky regions [Singer et al., 1980b; Mustard et al.,
1993] imply that crustal rocks are mineralogically similar to
shergottites. Furthermore, Mustard and Sunshine [1995]
showed correspondence between the electronic spectra of
Martian meteorites and the mineralogy of dark regions of
Mars. Although the absorptions in electronic spectra can pro-
vide useful information about several mineralogical composi-
tions (e.g., pyroxenes and olivines), a significant number of
minerals of geological importance are not composed of tran-
sition elements. Additionally, electronic spectra are poor indi-
cators of absolute modal mineral abundances in the case of
mineral mixtures (synthetic or rock) due to the complicating
effects of multiple scattering.

Vibrational spectroscopy is a technique which is sensitive to
the unique structure and chemical composition of every min-
eral. All minerals display a unique spectral signature due to
vibrational modes resulting from the stretching and bending
vibrations of atoms in the crystal lattices of minerals. Funda-
mental vibrational absorptions of geologic materials occur in
the range from ~3 to 50 um (thermal infrared), and in some
minerals, vibrational overtones and/or combination modes as-
sociated with hydroxyls, bound water, carbonate, etc., extend
into the visible to near-infrared portion of the spectrum. Vi-
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brational motions occur at specific, quantized frequencies, and
when incident electromagnetic energy corresponds to one of
these frequencies, the result is the excitation of a specific vi-
bration and an absorption feature in the spectrum. In minerals,
bond strength, as well as cation coordination and substitution,
affect the vibrational energy of the crystal lattice, resulting in
variations in the dominant wavelengths of absorption from
mineral to mineral. The number, relative strength, and wave-
length positions of absorptions in the spectrum of each mineral
are unique. Thus the spectral “signature” of each mineral
serves as a means of identifying that mineral. Furthermore, the
spectra of a rock’s constituent minerals add approximately
linearly in the thermal infrared to produce the rock’s spectrum
because very high absorption coefficients result in few multi-
grain interactions. Therefore the composition of a rock may be
determined by linear deconvolution as explained below.

Previous work with vibrational spectra of Martian meteor-
ites includes that of Bishop et al. [1994] and Salisbury et al.
[1991a]. The Bishop et al. [1994] study acquired thermal infra-
red reflectance spectra of the meteorite ALH84001 from 1300
to 400 cm™' (~7.7-25 pm) and showed that the spectrum of
the meteorite resembles the spectrum of its primary consititu-
ent (>90%), orthopyroxene. The work of Salisbury et al.
[1991a] described midinfrared biconical reflectance spectra of
powdered (approximately <70 wm) meteorite samples, includ-
ing the shergottites ALH77005 and EET79001, over the wave-
length range 4000 to ~740 cm ™! (2.5-13.5 um). At thermal
infrared wavelengths the spectra of powdered samples (less
than ~65 um in diameter) display different features than the
spectra of larger samples due to scattering at grain boundaries
where the grain size is comparable to the wavelength [e.g.,
Lyon, 1964; Aronson et al., 1966; Hunt and Vincent, 1968; Vin-
cent and Hunt, 1968; Hunt and Logan, 1972; Aronson and
Emslie, 1973; Salisbury and Eastes, 1985; Salisbury and Wald,
1992; Moersch and Christensen, 1995; Mustard and Hays, 1997].
To eliminate these effects, we have used bulk meteorite sam-
ples and coarse particulate mineral samples with grain sizes
significantly larger than the wavelength of energy being stud-
ied. Spectra of powdered samples should be useful for model-
ing particulate surfaces, and bulk sample spectra will provide
spectral information for comparison with the coarse (>100
wm) regolith, rocky terrains, and bedrock exposures expected
over much of the Martian surface [Palluconi and Kieffer, 1981,
Christensen, 1986]. Additionally, while hemispherical reflec-
tance spectra and emission spectra can be related via Kirch-
hoff’s law (¢ = 1 — R) [Hapke, 1993], biconical reflectance
data are not quantitatively comparable to emission data [Salis-
bury and Wald, 1992].

The thermal emission spectrometer (TES) instrument was
launched to Mars on the Mars Global Surveyor in November
1996 for the purposes of mapping the mineralogy and thermal
properties of the Martian surface and studying the planet’s
atmosphere [Christensen et al., 1992]. This instrument will ac-
quire data over the thermal infrared region from ~1600 to 200
em ™! (6-50 pm), where all mineral spectra exhibit unique
combinations of absorption features. Laboratory spectra of
Martian meteorites will be compared with spectra that will be
collected by the TES and may facilitate a search for the source
regions of these meteorites.

The primary objective of this paper is to demonstrate that by
using the thermal infrared emission technique, we can distin-
guish the various lithologies of the meteorites and determine
their mineralogies, information which should be valuable in
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the interpretation of spectral data acquired from Martian or-
bit. We first review the mineralogy of the four Martian mete-
orites we examined, describe our experimental technique, and
discuss the spectral characteristics of the meteorites. We then
evaluate the results of a linear deconvolution method for de-
termination of the mineralogy of each sample from its spec-
trum.

2. Meteorite Samples

We have studied samples of four Martian meteorites: Na-
khla, ALH77005, Zagami, and EET79001. These samples were
selected to obtain a variety of pyroxene-bearing lithologies. In
this section, we will briefly describe the origin and mineralogic
characteristics of each meteorite.

Our sample of Nakhla (USNM 426) is a single pyramidal
piece weighing 21.3 g and measuring approximately 2.5 cm on
each side. Nakhla is an unshocked clinopyroxenite dominated
by augite (79 vol %), with olivine (16%) and plagioclase felds-
par (4%); augite compositions are Eng; o Fs,3 ¢ W05 5, Olivine
is iron-rich (fayalitic) with a composition of Fos, ,, and plagio-

- clase feldspar is intermediate in composition, about An,; o_6o

[Berkley et al., 1980]. Olivine content fluctuates between 5 and
18% in Nakhla specimens (R. C. Friedman, personal commu-
nication, 1996); as olivine content decreases, augite content
increases [Friedman et al., 1994]. Other phases include K felds-
par (1%), titanomagnetite (2%), and various trace oxides and
sulfides [Bunch and Reid, 1975; Berkley et al., 1980]. Augite
grains are approximately 1.0 by 0.3 mm in size, while olivine
grains are slightly larger, from 1.0 to 1.6 mm, and interstitial
feldspar laths may be up to 0.3 mm long and 0.1 mm wide
[Bunch and Reid, 1975]. The crystallization age of Nakhla has
been estimated at 1.3 Gyr by Gale et al. [1975] and Nakamura
et al. [1982].

ALH77005 is a lherzolitic shergottite [McSween et al., 1979;
Ikeda, 1994]. Our sample, obtained through the Antarctic Me-
teorite Collection at Johnson Space Center, consists of two
pieces measuring approximately 1.5 X 1.2 X 0.5 and 1.0 X
1.0 X 0.8 cm. This meteorite has a poikilitic texture and is
composed of approximately 37% pyroxene, 52% olivine, and
10% maskelynite (shocked plagioclase feldspar) [Ma et al.,
1981; McSween et al., 1979]. Olivine and maskelynite grains are
generally 0.25-1.0 mm in diameter, whereas pyroxene grains
can be up to several centimeters in size. Pyroxenes occur as
high-calcium augite and low-calcium pigeonite (both more
magnesian than most shergottites), olivine composition is in-
termediate to forsteritic (~Fo-,), and maskelynite grains are
zoned from Ans, to An,s [McSween et al., 1979]. Minor to trace
amounts of chromite, ilmenite, troilite, and whitlockite are also
present. Shock effects are manifested as undulatory extinction
and deformation twinning in the pyroxenes, pockets of olivine
vitrophyre, and conversion of plagioclase feldspar to maskel-
ynite [McSween et al., 1979]. The crystallization age of
ALH77005 has been estimated at 187 = 12 Ma [Shih et al.,
1982] or 154 = 6 Ma [Jagoutz, 1989].

Zagami is a basaltic shergottite. Our sample was acquired
from a private collector, who was also the source for Zagami
samples currently held by the University of New Mexico [e.g.,
McCoy et al., 1992]. This sample is a triangular slice, measuring
approximately 2.0 X 2.0 X 0.6 cm. Zagami is approximately
73% pyroxene, 20% maskelynite, and 5% mesostasis and mi-
nor phases [Stolper and McSween, 1979; McCoy et al., 1992;
Treiman and Sutton, 1992]. Grain sizes range from 0.19 to 0.36



HAMILTON ET AL.: VIBRATIONAL SPECTROSCOPY OF MARTIAN METEORITES

mm within the meteorite. Pyroxenes in Zagami are augite and
pigeonite, in roughly equal amounts, and maskelynite has a
composition of ~Ans,. Shock effects are observed not only in
the transformation of plagioclase to maskelynite, but are man-
ifested in the pyroxenes as fracturing and undulatory or patchy
extinction [Stolper and McSween, 1979]. The crystallization age
of Zagami is uncertain, having been interpreted to be as long
ago as 1.3 Ga [Shih et al., 1982; Wooden et al., 1982] or as
recently as 180 Ma [Jones, 1986].

EET79001 is also a basaltic shergottite, similar in composi-
tion to Zagami. The meteorite contains two lithologies (A and
B) which have differing grain sizes. Our sample of this mete-
orite, from the Antarctic Meteorite Collection at Johnson
Space Center, is from the A lithology, and consists of six
pieces. The largest piece is 1.75 X 0.75 X 0.5 cm, two pieces are
approximately 1.0 X 0.75 X 0.5 cm, and the three smallest
pieces are roughly equant, approximately 0.5 cm on a side.
Grain sizes in the A lithology range from approximately 2.7 to
3.6 mm. Pyroxene comprises 70.8% of the meteorite (59.3%
pigeonite, 6.1% augite, and 5.4% orthopyroxene), while 17.1%
is maskelynite (~Ang) and 8.9% is olivine [Steele and Smith,
1982; McSween and Jarosewich, 1983; McSween, 1985]. Minor
oxide phases such as titanomagnetite, ilmenite, and chromite
contribute 3.0%, and the remainder of the meteorite (0.3%) is
minor to trace amounts of mesostasis, sulfides, and phos-
phates. Orthopyroxene, olivine, and chromite are xenocrysts,
apparently of a lherzolitic shergottite similar to ALH77005,
within a basaltic shergottite host rock. Shock effects in this
meteorite are similar to those observed in Zagami; plagioclase
feldspar has been transformed into maskelynite, and pyroxene
grains contain planar fractures, exhibit mechanical twinning,
and display patchy extinction. The proposed crystallization age
of EET79001 is also similar to the older age for Zagami, in the
range of 1.0-1.3 Ga [Shih et al., 1982).

3. [Experimental Methods
3.1. Sample Preparation and Data Acquisition

The vibrational emission technique is ideal for bulk mete-
orite analysis because it is nondestructive and minimal sample
preparation is required relative to many methods of geological
analysis; for example, some of the meteorite samples were cut,
by necessity, but a cut surface is not required. No samples were
polished, slides are not required, nor must the sample be
crushed or powdered. Mineral standards used in this study are
from the Thermal Emission Spectrometer Laboratory’s min-
eral library and are pure particulate samples, with grain sizes
between 710 um and 2 mm.

The spectrometer used in this study is a Mattson Cygnus 100
Fourier transform infrared (FTIR) interferometric spectrom-
eter which has been modified to measure emitted sample ra-
diance (a detailed description of the emission technique and
the Arizona State University (ASU) spectrometer is provided
by Ruff et al. [1997]). The sample chamber is located within a
glovebox that is external to the spectrometer; both the glove-
box and the spectrometer are constantly purged to remove
atmospheric H,O and CO,. Data for this study were collected
over the wavelength range of 2000-400 cm™* (5-25 um) at a
spectral sampling of 2 cm™!; however, spectral data will be
shown from 1400 to 400 cm™* (~7-25 wm) because there are
no silicate features in the 2000-1400 cm ™! region, and carbon-
ate features were not observed because carbonate is not
present in any of the meteorites. Samples were heated to 80°C
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to improve signal to noise, and this temperature was main-
tained throughout data acquisition. The radiance of a 1 cm
spot on each sample was measured. With this placement, a
large portion of the sample surface is observed, and the po-
tential for observing a nonrepresentative area of the sample is
reduced. Where possible, multiple surfaces were measured,
and no significant spectral variations were observed. For each
sample, 260 scans were collected over approximately 7 min and
averaged to produce a single spectrum. Raw radiance data
were converted to emission spectra following the method of
Christensen and Harrison [1993). Sources of error in the acqui-
sition of this data are described by Ruff et al. [1997]; the total
instrument-derived error for any given spectrum in this study is
approximately 2-5%.

3.2. Linear Deconvolution

In addition to qualitative observations of spectral feature
position, we use a linear deconvolution algorithm to calculate
the relative spectral contributions of end-member minerals to
a sample spectrum and arrive at an approximate determination
of the sample’s mineralogic composition. Linear spectral de-
convolution has been used in both the VNIR and thermal
infrared [Johnson et al., 1983; Gillespie, 1992; Thomson and
Salisbury, 1993; Ramsey, 1996b]. This technique is based on the
principle that the energy emitted from a rock surface is equiv-
alent to the linear addition of the emitted energy of each
component mineral in proportion to its observed areal per-
centage. The assumption of linear addition has been shown to
be valid for grain sizes >65 um, as discussed below.

The variations in spectral contrast that result from differing
grain sizes are a well-known effect in spectroscopic studies.
Numerous studies have shown that as particle size decreases,
spectral contrast decreases uniformly across the spectrum as
well [Lyon, 1964; Aronson et al., 1966; Vincent and Hunt, 1968,
Aronson and Emslie, 1973; Salisbury and Eastes, 1985; Salisbury
and Wald, 1992; Moersch and Christensen, 1995; Mustard and
Hays, 1997]. Therefore the spectrum of a mixture composed of
small grains will have less spectral contrast than a mixture
composed of relatively larger grains, and the deconvolution
algorithm may then be used to estimate the grain size(s) rep-
resented by a sample’s spectrum. This assumption of decreas-
ing spectral contrast with decreasing grain size was shown to be
valid down to grain sizes of about 65 um in a study using quartz
[Moersch and Christensen, 1995]; below this threshold, scatter-
ing effects between small grains produced nonuniform absorp-
tion band variations. A similar study by Mustard and Hays
[1997] found that the majority of nonlinear effects in olivine
occurred at grain sizes <25 um; however, transparency fea-
tures are apparent in the spectra at grain sizes between 25 and
65 um; therefore we. have intentionally maintained sample
grain sizes greater than 65 um.

We have used the linear deconvolution algorithm of Ramsey
[1996a, b], in which spectra of pure minerals provide end-
members for the model. The algorithm uses a least squares fit
to deconvolve a rock spectrum into percentages of end-
member mineral spectra, and estimates the average (root-
mean-square, or rms) error in the fit. While an rms error is
provided by the algorithm for each analysis, we find that it is
most useful in determining the best fit to a single sample over
several analyses. Although the spectral match to one sample
may yield a lower rms error than in the case of another sample,
there is no correlation with more accurate determinations of
modal percentages. For example, the rms error in the
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Figure 1. Middle infrared emission spectra of representative
end-member minerals. Spectra are normalized for comparison.

EET79001 spectral fit is 0.0086 (0.08%), while for Zagami, it is
0.0113 (0.11%); however, the Zagami model-derived mineral
percentages are much more accurate than those determined
for EET79001, as discussed below. Additionally, the rms error
is an average over the whole spectrum, which is not very useful
for evaluating the fit around the absorption features. A more
useful assessment of model fit is shown by a spectrum of the
residual error (measured minus model) for each fit. In addition
to showing the residual error spectra, we will discuss the dif-
ference between the published or known percentage of a given
mineral in a sample and the value returned by the best fit of the
linear deconvolution model. If a mineral mode in a meteorite
has a published value of 46% and the model returns a value of
49%, we will refer to this difference as an overestimation of
3%.

The ability to determine accurately end-member modes us-
ing the algorithm is dependent on mineral abundance, compo-
sition, and limitations inherent in the data, such as spectral
resolution and noise [Ramsey, 1996a, b]. As the modal abun-
dance of a mineral in the sample increases, uncertainty in the
model determination decreases, due to the increasing band
depth of spectral features relative to noise in the data. Thus the
model-determined modes of minerals present in low abun-
dances (~3-5%) have the largest uncertainties. Minor and
trace constituents such as mesostasis and oxides cannot be
modeled in most situations, typically because their contribu-
tions to the bulk spectrum are unresolvable. Because the
model iterates until the calculated modes sum to ~100%, error
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in the model results will include the total percentage of minor
constituents. For example, if a rock has 3% minor and trace
constituents that cannot be modeled, some mineral(s) that
provides the closest fit will have an elevated mode in the final
calculation so that the summation will approach 100%. Ramsey
[1996b] deconvolved six 4-mineral mixtures, which included
modal percentages as low as 5 and 10%. In the six mixtures,
there were 10 components at 5 or 10% modal abundance.
Model error in determining the minerals present at the 5%
level ranged between 0.7 and 5.0%. Error in determining min-
eral modes at the 10% level was slightly beiter, ranging be-
tween 0.4 and 4.0% [Ramsey, 1996b].

End-member mineral composition must also be considered
when evaluating deconvolution results. It is rare that an end-
member provided as a model input will have the exact same
composition as the mineral in the bulk sample, especially when
the mineral has a composition within a solid solution series. As
a result, spectral band depths may vary, and there may be small
variations (2-10 cm ™) in absorption feature position [Hamil-
ton and Christensen, 1997]. Once the primary minerals in a
sample have been isolated using the linear deconvolution al-
gorithm, it then may be useful to run the algorithm with several
additional spectra which represent the spectral variability of
those minerals in order to refine the spectral fit of the model
result. The best spectral fit would be determined by comparing
the rms error for each run of a sample and selecting the fit with
the lowest rms and residual error.

3.3. End-Member Selection

The meteorite spectra were initially compared to spectra in
the ASU mineral library, which contains over 150 pure mineral
spectra representing most of the major mineral groups. These
initial analyses identified several each of pyroxenes (enstatite,
bronzite, diopside, augite, and hedenbergite), olivines (forster-
ite and fayalite), and plagioclase feldspars (albite, labradorite,
and anorthite) (Figure 1), as well as terrestrial maskelynite
(shown in Figure 3), which were used in subsequent analyses.
The success of the linear deconvolution method at fitting the
correct minerals, while eliminating minerals present in the
library but not in the meteorites, provides strong support for
this technique as a tool for uniquely identifying rock mineral-
ogy.

Unfortunately, we were not able to include a pigeonite end-
member due to the difficulty of obtaining a pure, uninverted
sample of sufficient grain size; the effects of this omission on
model results are discussed below. We were also unable to
provide an end-member spectrum of shocked pyroxene. The
maskelynite spectrum is of a single piece of shocked anortho-
site from near the Manicouigan impact crater in Ontario, Can-
ada. The composition of Manicouigan maskelynite is approx-
imately Ang, [Bunch et al., 1967; Arndt et al., 1982]. We are
unable to determine if or how closely the spectrum of this
sample resembles the spectral equivalent of maskelynite in
these meteorites because we have not produced mineral sep-
arates from the meteorites. Nash and Salisbury [1991] exam-
ined the middle infrared spectral characteristics of fused pla-
gioclase, but we are not confident that we can apply their
results to our terrestrial or meteorite samples because (1) their
sample grain size was <65 um and (2) fused minerals are
significantly different in their physical and spectral character
than shocked minerals [Bunch et al., 1967].

Spectral absorptions of some pure minerals exhibit greater
spectral contrast (are deeper) than absorptions in the spectra
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of the rocks they occur in. In order to account for differences
in spectral band depth related to this effect, we have included
a blackbody end-member (unit emissivity at all wavelengths) in
our analyses. When added to a spectrum, a blackbody end-
member reduces spectral contrast uniformly across the spec-
trum. Thus the deconvolution algorithm can, if necessary,
mathematically reduce or eliminate differences in spectral
band depth between the end-member mineral spectra and the
meteorite spectra.

4. Results

4.1. Spectral Discrimination of Martian Meteorite
Lithologies

The vibrational emission spectra of Nakhla, ALH77005,
Zagami, and EET79001 are shown in Figure 2. The spectra
exhibit similarities in the positions of their reststrahlen bands,
indicating gross similarities (mafic to ultramafic) in composi-
tion. The positions and relative depths of individual absorp-
tions are distinctly different between éach meteorite, however,
due to the variations in the abundances and composition of the
prithary minerals. Zagami and EET79001 look rather similar,
which is to be expected because both are basalts, while
ALH77005 (lherzolite) and Nakhla (clinopyroxenite) look very
differeiit from each other and the Zagami/EET79001 pair.
Thus it is possible to discriminate three basic lithologies among
these meteorites using gross spectral praperties alone.
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Figure 2. Middle infrared cmission spéctra of meteorite
samples Nakhla, ALH77005, Zagami, and EET79001. Spectra
are not normalized, and tick marks represent a Ae of 0.03.
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Figure 3. Middle infrared emission spectta of Nakhla and
various silicate minerals. Minerals are arranged in order of
increasing Si-O tetrahedral polymerization, and each tick rep--
resents Ae ~ 0.04. Vertical lines correspond to primary ab-
sorption features in the Nakhla spectrum.

More detailed information about meteorite mineralogy can
be obtained by comparison of the meteorite spectra with indi-
vidual mineral spectra. Figure 3 shows the Nakhla spectrum
and the spectra of minerals from four of the silicate structural
groups. Silicate absorption features in the 1250-800 cm™!
range move to longer wavelengths due to changes in the asym-
metric Si-O-Si stretching vibrations as a function of decreasing
Si-O tetrahedral polymerization [Walter and Salisbury, 1989;
Salisbury et al., 1991b]. The Nakhla spectrum displays absorp-
tion features in the 1250-800 cm™" range that are at wave-
lengths comparable to features in minerals with relatively low
degrees of SiO, polymerization, such as amphibole, pyroxene,
and olivine. This observation suggests that the meteorites in
this study (all having similarly located reststrahlen bands) are

* domiinated by silicate minerals of the chain and isolated tetra-

hedral structural groups. We can use this comparison to indi-
vidual mineral groups to show that the three lithologies are
fairly closely related, in this case, all representing primarily
mafic compositions. The 1250-800 cm ™! absorption group in
granitic rocks, for example, is typically located at shorter wave-
lengths [Lyon, 1964; Vincent and Thomson, 1972; Vincent et al.,
1975], due to the abundance of highly polymerized framework
silicates such as quartz and feldspar [Walter and Salisbury,
1989].
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Table 1. Measured and Model-Derived Modal Mineral Abundances for Nakhla, ALH77005, Zagami, and EET79001

Nakhla®® ALH77005%4 Zagami®* EET79001#8

Mineral Type Measured Model Measured Model Measured Model Measured Model
High-Ca px 74-85 73 11 23 t16] 30-40 37 6 43 [29]
Low-Ca px 11 26 7(5] 37-40 41 65 14 [10]
Plagioclase 4 8 10 (m) 19[14] 10-19 (m) 18 (4 m) 17 27 (18]
Olivine 5-18 8 52 51[46] 4 9 16 [11]
Miscellaneous 3 1 5 3
Blackbody [29] [33]
rms error 0.0067 0.0066 0.0111 0.0093

Low-Ca px category includes orthopyroxene and/or pigeonite; (m) indicates maskelynite. Numbers in brackets are percentages prior to removal
of blackbody component. Values are in units of vol %.

R. C. Friedman (personal communication, 1996).

*Bunch and Reid [1975].

°Ma et al. [1981].

McSween et al. [1979].

°McCoy et al. [1992].

fStolper and McSween [1979].

EMcSween and Jarosewich [1983].

4.2. Results: Determination of Meteorite Mineralogy mined that a blackbody component was necessary to match
From Spectral Data most accurately the measured meteorite spectra. In calculating

While discrimination of lithology is desirable, more quanti- the final modal mineral percentages for comparison with the
tative detetminations of meteorite mineralogy can be obtained published compositions of each meteorite, we removed the
using the linear deconvolution technique. The results of the blackbody percentage and normalized the mineral end-
linear deconvolution for all four samples are shown in Table 1 members. For the purposes of visual comparison, we show the
and Figure 4. In two cases, the deconvolution algorithm deter- model spectra with the blackbody component included. Table
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Figure 4. Measured and model-derived meteorite emission spectra: (a) Nakhla, (b) ALH77005, (c) Zagami,
and (d) EET79001. Note expanded vertical scale.
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Table 2. Compositions of Major Minerals in Meteorite Samples and Arizona State University (ASU) Model End-Members

Mineral Nakhla® ALH77005°

Zagami®? EET79001° ASU Model End-Members

High-Ca pyroxene Ensg Fsys Wogg Ens, Fs;s Wo,5°

Low-Ca pyroxene En,, Fs,, Woq
Feldspar (plagioclase) Any,

Maskelynite Ang, 45
Olivine Fos, Fo,,

Ensg Fs,g Wos,t

Ens, Fsq Wos®
Eny; Fsi5s Woy,
En,; Fs33 Wo,o®

Enys Fsy; Woyg

Eng; Fs;o Woy,f Ens; Fs; Woy; Eng, Fsq Wo,
Eng; Fs,, Wos En,; Fsyy Wo;
g
3
An54
Angg®
Ans, Ang;' Ans,
Fo,, Fo,_s
Fog,

“Bunch and Reid {1975].

"McSween et al. [1979].

“Treiman and Sutton [1992].

IStolper and McSween [1979].

*McSween and Jarosewich [1983].

fAverage composition of zoned or multiple crystals.
eNot utilized in any of the four best fit model results.

2 compares the composition of minerals in the meteorites to
the compositions of the pure end-member minerals.

4.2.1. Nakhla. The deconvolution algorithm produces
the best fit using the three primary minerals in this meteorite
(augite, fayalite, and plagioclase feldspar) in addition to a
small percentage of low-Ca pyroxene (Figure 4a). The best fit
modeled mineral percentages match to within approximately
4-11% of the published data for Nakhla (Table 1). Nakhla is
classified as a plagioclase-bearing olivine clinopyroxenite ac-
cording to the International Union of Geological Sciences
(IUGS) classification scheme. The spectrally derived mineral
modes shift the classification slightly, into the olivine webster-
ite category (Figure 5).

Of the plagioclase end-members provided, the best model fit
is produced with a feldspar of intermediate composition (la-
bradorite), while the composition determined by Berkley et al.
[1980] is closer to An,s. However, the spectra of intermediate
feldspars are much more similar to each other than they are to
albite and anorthite spectra, which exhibit very sharp, distinc-
tive absorptions (S. W. Ruff, personal communication, 1997).

[o]]

dunite

harzburgite

A

Iherzolite

Therefore any intermediate composition in the unknown sam-
ple is likely to be fit best by a model end-member of the closest
intermediate composition. The slight overestimation (4%) of
modal plagioclase is within the error of the model and is not of
great concern.

The modeled olivine percentage is within the range of ob-
served values (5-18%) (R. C. Friedman, personal communi-
cation, 1996). The best model fit is obtained with the more
Fe-rich end-member, fayalite (Fo,_s), in agreement with the
published olivine composition [Bunch and Reid, 1975]. Of the
three plagioclase end-members provided (albite, labradorite,
and anorthite), the best model fit is produced with the inter-
mediate labradorite which is near the composition measured in
Nakhla samples. The 4% difference between the known and
modeled modal plagioclase is within the uncertainty associated
with the model calculation.

The total modeled pyroxene abundance (84%) was deter-
mined to be within the range of observed values (74-85%)
measured by Friedman and co-workers (R. C. Friedman, per-
sonal communication, 1996). Because the modeled olivine

M Nakhla

O Nakhla model
A ALH77005

A ALH77005 model

wehrlite

olivine
orthopyroxenite

olivine
websterite

olivine
clinopyroxenite

orthopyroxenite

websterite

clinopyroxenite

/

Opx

Figure 5.

Cpx

TUGS classification diagram for ultramafic rocks. Measured and modeled modal compositions of

Nakhla and ALH77005 are plotted. The heavy line represents the compositional variability among Nakhla

samples.
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Figure 6. Spectra of laboratory olivines and a synthetic spec-
trum of an intermediate olivine composition. Solid lines are
spectra from Salisbury et al. [1991b], and dashed lines are
Arizona State University (ASU) samples. The synthetic spec-
trum was produced by a weighted average of the ASU forster-
ite and fayalite samples to approximate a composition of Fog,.

mode was at the low end of the range of observed modes, we
expected an increase in total pyroxene abundance [Friedman et
al., 1994]; this increase was observed, but the best fit model
contains low-Ca pyroxene instead of additional augite. We
believe that low-Ca pyroxene provides a better mathematical
fit than an increase in the high-Ca pyroxene mode due to
differences in the relative band depths of the input end-
member spectra. The augite end-member (Table 2) we used is
the closest composition in our library to the composition in
Nakhla. The appropriateness of this selection was verified by a
test deconvolution which included several augite spectra rep-
resenting various compositions; this augite sample provided
the best match to Nakhla, producing fits with the lowest rms
and residual errors. However, the compositions of our augite
and the augite in Nakhla still differ and may be a source of
error in the spectral fit. Additionally, this augite has band
depths in the 700-400 cm ™! region that are much lower in
emissivity (¢) than the average emissivity of the absorptions in
the 1200-800 cm ™" region (Figure 3). In contrast, the same
two absorption groups in the spectrum of Nakhla do not have
significantly different average depths (Ae ~ 0.02). Therefore,
in order to mathematically decrease the emissivity difference
between the spectrum of Nakhla and the model spectrum, a
mineral with similar pyroxene features and low Ae between
absorption groups (enstatite) is used in the final fit instead of
augite. This hypothesis was supported by an additional analysis
in which the model was restricted to fitting the meteorite spec-
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trum between 1200 and 700 cm ™, thus omitting the effect of
features in the 700-400 cm ™! region from the determination.
The result of this wavenumber-limited analysis was an increase
in the determined amount of augite from 73% to 91% (still
within the model uncertainty) and a reduction in the modeled
abundance of the enstatite end-member to 5%. Although the
enstatite end-member was not eliminated, the low percentage
calculated approaches the percent error in the model result
(which includes instrumental error in the spectra, the model
itself, and the 3% of the meteorite that is composed of minor
constituents which cannot be modeled). This case exemplifies
the need for multiple analyses of a sample once the primary
constituents have been identified; in order to achieve the most
accurate results possible, the user should include several spec-
tra of each of the primary minerals, examine the rms error
variations, and be aware that variations in end-member band
depth can influence the accuracy of the model results.

4.2.2. ALH77005. In the case of ALH77005 (Figure 4b),
the model accurately retrieved the four primary minerals in the
meteorite from the spectral library: olivine, plagioclase, and
high- and low-Ca pyroxene. A blackbody component was also
included in the model fit; because the end-member and mete-
orite grain sizes are similar, we determined that the blackbody
improved the fit by reducing the spectral contrast of the dom-
inant end-member mineral which has deeper spectral features
than the meteorite. Published mineral abundances classify
ALH77005 as a plagioclase-bearing lherzolite (Figure 5); mod-
el-derived abundances result in the same classification, al-
though with slightly more low-Ca pyroxene. This result is not
unexpected due to the fact that ALH77005 is a heterogeneous
sample [McSween et al., 1979] and the mineralogy of the sur-
face we examined may differ slightly from previously reported
results.

Total olivine content is determined to within 2% of the
published mode (Table 1), and the model fit includes both
forsterite and fayalite, at 33% and 19%, respectively. The pub-
lished composition of olivine in ALH77005 is Fo,, [McSween et
al., 1979], and we believe that the inclusion of both end-
members is an approximation of this more intermediate com-
position. Salisbury et al. [1991b] note that the absorption fea-
tures in olivine spectra display a progressive shift to shorter
wavelengths from fayalitic to forsteritic compositions. This
shift corresponds to the increasing substitution of Mg for Fe in
olivine with the smaller, lighter Mg cations vibrating at higher
frequencies. Thus a weighted combination of the end-member
spectra should approximate the spectrum of an intermediate
composition. Figure 6 shows the spectra of pure end-member
olivines from our library, a synthetic intermediate composition
derived from the weighted average of the library end-members,
and comparison reflectance spectra (inverted for comparison
to emissivity) from Salisbury et al. [1991b]. Although there are
dissimilarities in the pairs of spectra due to differences in the
techniques used to acquire the spectra (emission versus biconi-
cal reflectance), it is possible to see that the dominant absorp-
tion features occur in the same positions in all three pairs of
spectra, indicating that the combination of end-member spec-
tra is an adequate approximation of the spectrum of an inter-
mediate composition.

The model overdetermines augite by 12%, possibly in com-
pensation for the missing pigeonite end-member. In the ab-
sence of a pigeonite end-member, the model calculates
bronzite as the closest possible match to the pigeonite compo-
nent of the meteorite. Although structurally different from
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orthopyroxenes, the pigeonite in the meteorite is close to
bronzite in composition; therefore our result suggests that
even without a true pigeonite end-member, the end-member
spectra can be used in the model to distinguish between high-
and low-Ca components and, moreover, determine the general
Mg/Fe ratio.

Instead of maskelynite, an intermediate plagioclase (labra-
dorite) provides the best fit to the meteorite spectrum. We
believe that this is due to the spectral band depths of the
maskelynite sample as compared to the labradorite and mete-
orite spectra. The 1400-700 cm ™! absorption group in maske-
Iynite is higher in emissivity than the same absorption groups in
the plagioclase and meteorite spectra. Additionally, the maske-
Iynite spectrum does not display similarly high emissivities in
the 800-600 cm ™" region as the plagioclase and the meteorite.
Because the deconvolution algorithm seeks to mathematically
reduce the Ae between the measured and model spectra, end-
members with anomalously high or low emissivity features may
not provide the best fit (as in the case of augite, described
above). However, in fitting the plagioclase component of the
meteorite spectrum, the model determines that an intermedi-
ate composition is the best fit, which is in accordance with the
known composition of the maskelynite in ALH77005.

4.2.3. Zagami. Model results for Zagami are enigmatic;
the best fit model includes the correct minerals and calculates
their abundances more accurately than in any other case; how-
ever, the spectral match is poor at short wavelengths (Figure
4c). We define “poor” as meaning that the spectral shape of
the model does not closely mimic the shape of the measured
spectrum, even though the absolute difference in emissivity
between the two may not be exceptionally large; e.g., at ap-
proximately 1025 cm ™, there is a peak in the spectrum of the
model, but the measured spectrum displays a trough.

The best fit is provided by high-Ca pyroxene, low-Ca pyrox-
ene, intermediate plagioclase feldspar (labradorite), and a
small percentage (2%) of terrestrial maskelynite. The percent-
ages of these minerals are determined to within 5% of the
published values, and in the best case, augite is determined to
within 1% of its actual mode in the meteorite. The small
percentage of maskelynite is suspect due to uncertainties in the
detectability of minor constituents, as discussed above. Based
on the basalt tetrahedron of Yoder and Tilley [1962], Zagami is
classified as a pyroxene-rich (tholeiitic) basalt, and the model-
derived percentages result in the same classification. At this
time, we consider the misfit of the model spectrum to the
measured spectrum a result of the omission of a pigeonite
end-member or possibly a result of strong shock effects in the
pyroxenes or plagioclase. The published modal percentage of
pigeonite in this sample is higher than that in either Nakhla or
ALH77005, and we expect this greater abundance to result in
a stronger spectral contribution from the pigeonite end-
member. As a result, the contribution of the pigeonite spec-
trum to the meteorite spectrum will be enhanced, and bronzite
will fail to fit any of the spectral features of the meteorite. We
have not yet been able to acquire a sample of shocked pyrox-
ene that would allow a spectral comparison. We suspect that
the mismatch is less likely to be related to the shock effects in
plagioclase because the model consistently uses unshocked
plagioclase in this and other samples to best fit the spectral
data.

4.2.4. EET79001. Although the model analysis of
EET79001 included the correct minerals (pyroxene and felds-
par), the difference between the measured and modeled min-
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eral abundance varied between 8% (plagioclase) and 47%
(low-Ca pyroxene), and the model produced a spectrum that
did not provide a good fit to the measured spectrum. The
inaccuracy of the modeled mineral abundances changes the
EET79001 rock type from pyroxene-rich (tholeiitic) basalt to
olivine tholeiite [Yoder and Tilley, 1962]. EET79001 is nearly
60% pigeonite, and we believe that, as in the case of Zagami,
our lack of a pure pigeonite end-member is resulting in error
in the model results. Because the meteorite spectrum will be
dominated by pigeonite-specific features at this high abun-

-dance, the model can no longer successfully substitute low-Ca

bronzite and thus overestimates the remaining minerals in the
final summation. As in the case of ALH77005, the blackbody
component included in the model fit improves the fit by reduc-
ing the spectral contrast of the end-members with deep spec-
tral features. The model results in the case of EET79001 em-
phasize the need for a complete library of minerals and user
verification of model results in order to ensure the utmost
accuracy in using this (or any) model for the determination of
modal mineralogy from bulk sample spectra.

5. Application to Martian Spectroscopy

Martian spectra acquired from orbit should exhibit similar
spectral contrasts to laboratory spectra, especially in regions on
the Martian surface where the surface is composed of coarse,
active materials, such as dark regions like Syrtis Major or dune
fields, and in locally homogeneous (at the 3 km scale) regions.
In many locations the area observed within a TES footprint will
include a variety of compositions and/or grain sizes; in these
circumstances, spectral contrast may be reduced, and research-
ers will certainly need to further analyze deconvolution results
using their geological knowledge of naturally coexisting min-
erals and grain size effects. If a significant amount of dust in an
area results in a reduction in spectral contrast, the dust may be
considered a component of a mixture that also includes rocky
or coarse particulate materials. The positions and relative band
depths of mineralogical features will not be different, however,
and these characteristics are what linear deconvolution calcu-
lations are based upon. If miniaturized thermal emission spec-
trometers are sent to the surface of Mars on landers and/or
rovers in the future, spectral contrasts will also approximate
those obtained with laboratory measurements, and complex
mixtures over the smaller (centimeter to meter scale) observa-
tional areas may be less common.

6. Conclusions

1. Upon visual comparison of the spectra of Nakhla,
ALH77005, Zagami, and EET79001 to mineral spectra and to
each other, we are able to determine that the meteorite spectra
represent three mafic lithologies. The positions of the rest-
strahlen bands suggest that mafic minerals dominate all four
samples, and the similarity in absorption position and shape in
the spectra of Zagami and EET79001 suggests that these two
meteorites represent a single lithology. This result suggests
that, at a minimum, in remote sensing situations, we will be
able to distinguish surface lithologies using middle-infrared
emission spectra.

2. In three out of four cases, linear deconvolution analyses
determine modal mineral abundances in the meteorites to
within 3-19% of published modes. As a result, we can achieve
more quantitative information and classify these mafic and
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ultramafic rock types on the basis of linear deconvolution of
their thermal infrared spectra.

3. The lack of a pure pigeonite end-member may be a
significant source of error in one of our model determinations.
In Nakhla, ALH77005, and Zagami, where pigeonite is less
than ~37% of the modal composition of the meteorite, the
model fits low-Ca bronzite as a substitute for pigeonite. When
the modal abundance of pigeonite exceeds ~37%, the model
spectral fit is poor in terms of matching all spectral band
shapes. Because pigeonite is clearly important to the accuracy
of the model results in these cases, our spectral library must be
augmented to include a natural or synthetic pigeonite for com-
parison to Martian spectra (synthesis of several pigeonite com-
positions has been initiated). There are no end-member spec-
tra available to represent mesostasis and/or  minor
constituents; therefore errors (~5% in these meteorites) will
always exist in the determined mode of any mineral(s) which
have spectral features most closely resembling those of minor
components. Plagioclase modes are commonly overestimated
by 6-18%, probably due to the broad spectral features which
characterize the majority of the intermediate plagioclase spec-
trum relative to most silicates and make it a suitable substitute
for subtle spectral contributions from minor constituents, or in
cases where a given end-member is not of exactly the same
composition as the mineral in the sample (e.g., solid solution
series minerals).

4. We are currently unable to assess quantitatively the ef-
fects of shock on the spectral features of plagioclase and py-
roxene. We assume that some portion of the anomalous results
in our study are attributable to unaccounted-for shock effects.
These effects are clearly important, and in the future we plan
to prepare mineral separates from the EET79001 sample so
that we may study the spectral characteristics of the shocked
minerals independently.
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