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FTIR 2-16 micron spectroscopy of micron-sized olivines from primitive meteorites
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Abstract-Infrared spectra of mineral grains from primitive meteorites could be useful for comparison
with astronomical infrared spectra since some of their grains might be similar to those formed in the
planet-forming disks around young stars or in the envelopes surrounding late-type stars. To assess the
usefulness of meteorite spectra, olivine grains separated from primitive meteorites have been
analyzed using FTIR microscope techniques in the 2—16 wm wavelength range. The sub-micron sizes
of the grains made a complex preparation process necessary.

Five characteristic bands were measured near 11.9, 11.2, 10.4, 10.1, and 10.0 um. The results of
59 analyses allow the calculation of band positions for meteoritic olivines as a function of their iron and
magnesium contents. Comparison of the meteoritic results with astronomical data for comets and dust
around young and old stars, which exhibit bands similar to the strongest infrared bands observed in the
grains (at 11.2 um), show that the spectral resolution of the astronomical observations is too low to
ascertain the exact iron and magnesium (Mg:Fe) ratio of the dust in the 8—13 um wavelength range.

INTRODUCTION

The ubiquity of dust (interstellar, circumstellar,
interplanetary, cometary, and asteroidal) is an indication of its
importance in a variety of astrophysical environments. Over
the past few years, there has been increasing recognition that
astrophysical dust is not simply a homogeneous mass of
amorphous material, but frequently occurs as crystalline
silicates (e.g., Waters et al. 1996). The most abundant
minerals recognized are the Mg-Fe silicates, olivine, and
pyroxene (Molster et al. 2002). These identifications have
been based on the interpretation of strong features in the
Fourier transform infrared (FTIR) spectra of astronomical
dust, and IR spectroscopy is now a powerful tool that can
relate astronomical data to laboratory-based studies of dust
(Colangeli et al. 2003).

Mid-IR (between 10 um and 18 wm) spectroscopy of a
variety of galactic environments reveals smooth emission and
absorption bands that have been associated with Si-O
stretching and bending modes in amorphous silicates (see the
review by Draine 2003). Controversially, Bowey and
Adamson (2002) matched the gross properties of the
astronomical profiles (the width and the wavelength of the
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peak) with a mixture of crystalline silicates (the spectral
features of which are narrow and highly structured) with a
relatively small component of amorphous silicate. By this
analysis, the breadth of the 10 wm features in the circumstellar
disks surrounding young stars could be reproduced by a
mixture of crystalline pyroxenes with varying stoichiometries
(80% by mass) and amorphous silicates (20%).

Such an explanation may be more consistent with current
interpretations of the far-infrared spectra of young and old
stars with circumstellar dust shells and disks obtained with,
for example, the infrared space observatory (Kessler et al.
1996). The narrow spectral emission features indicate the
presence of crystalline silicates (Waters et al. 1996). Forsterite
was first identified as an important component of some
circumstellar dust environments based on the strength and
position of narrow bands at 23.7 um and 33.5 um in the
spectrum of the isolated Herbig Ae/Be star HD 100546
(Waelkens et al. 1996).

Many previous investigations have used terrestrial
minerals and artificial glasses for calibration and spectral
matching with astronomical data. Most published infrared
transmission or absorbance spectra are obtained from bulk
samples of natural and synthetic terrestrial materials using
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workbench IR spectrometers (e.g., Jager et al. 1998; Chihara
et al. 2002; Koike et al. 2003). However, the compositional
range of terrestrial minerals is restricted compared with that
of their extraterrestrial counterparts, so in order to provide a
more realistic set of mineral compositions for comparison
with astronomical dust spectra, we are characterizing the IR
signatures of silicate grains separated from primitive
meteorites (e.g., Morlok et al. 2004). These minerals cover
the compositional range of interest much better than the
specimens of earlier studies.

Another purpose of this study was to investigate if
olivines formed in non-terrestrial environments exhibit
spectral differences compared to terrestrial or synthetic
olivines. Since minerals in meteorites formed in
environments closer to those of the dust observed by
astronomers (and entirely different from terrestrial ones),
their infrared spectra may provide better standards for
calibration of astronomical spectra than material from
terrestrial sources.

Extraterrestrial material has mainly been analyzed in the
form of bulk samples of whole meteorites, usually in the
visible/near-infrared range from about 0.3 to 2.5 um
(Chapman and Salisbury 1973; Johnson and Fanale 1973;
Salisbury et al. 1975; Gaffey 1976). There is also a wealth of
mid-infrared data from the bulk meteorites available (e.g.,
Zaikowski and Knacke 1975; Sandford 1984; Jones et al.
1989; Salisbury et al. 1991; Miyamoto 1992; Miyamoto and
Zolensky 1994; Osawa et al. 2001). In contrast to bulk
studies, there are only a few studies of specific mineral phases
in meteorites, e.g., absorption measurements of presolar
diamonds (e.g., Braatz et al. 2000) and sulphides (Keller et al.
2000, 2002) and reflectance studies of minerals in achondrites
and ordinary chondrites (Bukanovska et al. 1998; Maras et al.
2001); Martian and carbonaceous meteorites (Cooney et al.
1998; Palomba et al. 2001). Microspectroscopic methods
allow the measurement of grains as small as 10 um x 10 pum;
however, the practical limit is larger than this due to
diffraction effects.

The spatial resolution makes it possible to obtain
infrared spectra from specific areas within the fine-grained
material that can be characteristic of primitive meteorites. It
also allows analysis of very small amounts of separated
material, e.g., single grains. Microspectroscopic methods
have been applied to primitive planetary materials, including
micrometeorites (Osawa et al. 2001), interplanetary dust
particles (IDPs) (Keller and Flynn 2003; Molster et al. 2003),
and glass with embedded metal and sulphides (GEMS) within
IDPs (Bradley et al. 1999), as well as bulk meteorites (Raynal
et al. 2000) and some meteorite components (Dalton and
Bishop 2003; Moroz et al. 2005).

This paper is part of a systematic survey of FTIR and
optical spectra from minerals in meteorites. Our aim is to
compile a comprehensive database of spectra acquired by
microspectroscopic FTIR techniques for comparison with
spectra of dust obtained from astronomical sources. We have
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selected material from primitive type 3 chondrites for study.
This group of meteorites (and their mineral components) have
suffered minimal thermal or aqueous alteration since
formation of their parent bodies in the young solar system.
This paper focuses on olivines, which is one of the most
common of meteoritic silicates. Olivine occurs in several
locations within primitive meteorites: in chondrules, in fine-
grained inter-chondrule matrix, in high-temperature
aggregate, and as isolated grains.

SAMPLES AND TECHNIQUES

Minerals of the olivine group have orthorhombic
symmetry. The SiO4*" tetrahedra are isolated in the structure,
linked by cations (Fe?*, Mg?', rarely Ca?" or Mn2") in
octahedral positions. The generic formula is (X,Y),Si04, with
a solid solution between the magnesium and iron rich end-
members forsterite (Fojqp; Mg,SiO,) and fayalite (Foo;
Fe,Si0y). In other words, the cation positions in the structure
can be filled with iron and magnesium in all possible ratios
(Deer et al. 1992). Olivines from primitive meteorites may
contain significant concentrations of other cations, e.g.,
chondrule olivines from slightly metamorphosed (<3.7)
chondrites may contain up to ~0.7 wt% CaO, ~0.6 wt%
Al,O3, ~0.5 wt% MnO, and 0.9 wt% Cr,O3 (Brearley and
Jones 1998).

In the following, the iron and magnesium (Fe/Mg) ratio
in olivines is expressed as the forsterite content, calculated
from the atomic% of Fe and Mg in the measurements. Of
special interest are systematic band shifts in relation to
forsterite contents. Effects of varying cation radii on band
positions have been observed previously. With increasing
magnesium content, most bands shift to higher wave numbers
(lower wavelengths) (e.g., Tarte 1965; Burns and Huggins
1972; Farmer 1976; Chihara et al. 2002; Morlok et al.,
Forthcoming). The mid-infrared bands featured in this study
are vy and vj stretching modes of the SiO, tetrahedron in the
olivine structure; these bands have wavelengths around
10 um—12 um, and occur in the centre of the detector range of
the FTIR microscope.

Sample Selection

The typical range of forsterite content in olivines from
primitive chondrites is Fogy to Fojgy. Different meteorite
groups have different forsterite compositions, making
complete coverage of the whole forsterite range with one
meteorite group difficult. We therefore selected five different
meteorites, representing five separate parent asteroids (the
sample numbers in brackets are those of the collection at the
Natural History Museum): the LL3.6 ordinary chondrite
Parnallee (BM34729), the H/L3.6 Tieschitz (BM1975,M.11),
the H3.8 Dhjala (BM1976, M12), the CV3.3 carbonaceous
chondrite Vigarano (BM1920, 347), and the CO3.3
carbonaceous chondrite Ornans (BM42474). All these
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Fig. 1. The sample preparation procedure used for mineral grains in this study.

meteorites are falls that were collected shortly afterward, thus
minimizing effects from terrestrial contamination or
weathering.

The five meteorites are almost unshocked, with shock
stages ranging from S1 to S2 (i.e., they have experienced
shock pressure <10 GPa) and are of low petrologic type. The
selected meteorites are thus little altered by heat and shock
from the original dust from which they formed.

Sample Preparation and Characterization

Figure 1 depicts the stages that were followed for the
analysis of individual mineral grains. Mineral separates had
been obtained from the meteorites by density and magnetic
separation techniques. Some grains had been prepared using
the chlorination method of Moss et al. (1967). The mineral
fractions (mostly in sizes <100 wm) were washed with
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isopropanol or alcohol and deionized water and then dried.
Single grains were picked ourfrom the sample reservoir using
a tungsten needle under a binocular microscope. The selected
grains were partially embedded in a soluble resin (Crystal
BondTM), then gently polished for ~30s, using a diamond
polishing agent in order to create as flat a surface as possible
on the partially embedded grains. The grains were then
carbon-coated for compositional analysis.

Prior to infrared measurement, the mineralogy and
mineral chemistry of each grain was determined by analytical
scanning electron microscopy (SEM) using the Jeol S900LV
ProbeSEM at the Natural History Museum. Probe current was
2 nA at 20 keV. Appropriate natural and synthetic standards
were used for calibration. Traditionally, compositional
analyses are undertaken on polished flat 30 um thick sections
of meteorite. Because we were measuring individual grains
that would also be examined in the IR microscope, this
procedure was not possible. As shown in Fig. 1, the grains
were mounted in a soluble resin that precluded extended
polishing, and so in most cases no perfectly flat or even
surfaces could be created. This resulted in analytical
measurements where a sum of 100 wt% of all elements was
not achieved. Mineral compositions with totals 100 £ 25%
were taken and the elements were normalized to achieve
totals of 100%. This is the usual procedure for unpolished,
irregular grain mounts. Minerals were therefore characterized
on the basis of their stoichiometry. As a measure of the
“purity” of a grain, we used only grains where the normalized
silicon content was within 5% the ideal stoichiometry (Deer
et al. 1992). As an additional limit, only specimens where the
normalized sum of all cations fell within 5% of the ideal
stoichiometry of an olivine were used. Grains that were
identified as clearly heterogeneous using their backscattered
electron (BSE) image have been discarded. Olivine
composition histograms for each meteorite, showing the
internal range of forsterite content, are given in Fig. 2; the
olivines extended over a range of compositions from Fog to
Foygo.

Infrared Analyses

For spectral analyses, the grains were separated from the
specimen mount using a scalpel under a binocular
microscope. The grains were placed on a small dish where
they were cleaned of the surrounding resin and carbon coating
with propan-2-one. Following separation, the samples were
crushed to a fine-grained, sub-micron powder using a
diamond compression cell (DCC). The DCC accessory
consists of two steel bars with small (2 mm) diamond
windows. The sample was placed on the first window bar and
the second was placed over it. Using two screws, the bars
were pressed together and the sample flattened and ground to
a very fine powder (<1 um). This method has been proven to
produce results very similar to the “classic” transmission
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techniques using KBr pellets. Comparisons of these
techniques can be found in Hofmeister 1997; Osawa et al.
2001; Morlok et al., Forthcoming).

Infrared transmission/absorption measurements were
made with a Perkin Elmer AutoIMAGE FTIR microscope
and Spectrum One FTIR system using a Mercury Cadmium
Telluride (MCT) detector. Spectra were taken in the
wavelength range from 2.5 um to 16.6 um using a resolution
of ~0.1 um (4 cm™!) at midrange. The aperture size used was
50 wm X 50 um. There were no features of interest in the
spectra below 8 lm, and so only data from wavelengths above
8 wm are plotted in the figures. Before a grain was
compressed, a background spectrum was taken from the
diamond window on which the grain was supported. To
minimize the impact of sampling artefacts (e.g., Hofmeister
etal. 2000), spectra were taken of several spots on the
diamond window and an averaged spectrum calculated.
Averaged spectra for all the individual grains are given in
Fig. 2. More information about the techniques and sampling
methods used, as well as potential artefacts, can be found in
Morlok et al. (Forthcoming).

The small amounts of material occasionally resulted in
weak spectra. Absorption was rarely above 0.15 A (or below
~70% transmission), leading to a low signal/noise ratio.
When necessary, to distinguish weak bands from noise, we
compared several spectra and omitted obvious artefacts.

RESULTS

Examples of the spectra are shown in Fig. 3, where the
wavelength range of the major bands is shown. There were
five peaks in most of the spectra that could be assigned to
various stretching modes. The positions of these bands can be
used to characterize the olivine composition. Most of the
bands are asymmetric Si-O stretching vibrations (v) within
the SiO, tetrahedron; they are assigned to specific modes
according to Hofmeister (1987) and Hofmeister et al. (1989).
Figure 4 shows the band positions relative to the forsterite
content of the grains.

There is one very strong band at ~11.2 um (band 2)
(Fig. 3) in the wavelength range analyzed in this study.
Bands 1 (at ~12 pum), 4 (10.1 um), and 5 (10 pum) are much
weaker, but usually clearly recognizable. Band 3 (10.4 um) is
weak and sometimes absent, while a sixth band (at ~9.5 um)
occurs in the spectra of only four grains, and is not shown in
any of the figures. Several spectra exhibited a weak additional
feature between bands 2 and 3 that can be seen in some of the
individual spectra plotted in Fig. 2. Due to its rarity, this peak
was not given a band assignment; we suspect it may have an
orientational dependence.

Linear least squares fits of the peak wavelength of each
mode as a function of composition for the Fogy—Fo;qq range
measured were obtained for bands 1 to 5 and the results are
presented in Table 1. More than 68% of the results for bands
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Fig. 3. Representative infrared spectra of the olivines analyzed in this
study with forsterite contents from Fog, to Foge. The vertical lines
give the band position of the major bands calculated from the
regression lines for Fogg.

1 to 5 are within £0.1 pum of the regression lines, implying
that the standard deviation (1o) falls into this range. The
correlation between composition band positions ranges from
0.56 (average) for band 2 to 0.94 (very good) for band 4
(Table 1). Bands 1 and 2 have shallower slopes than bands 3
to 5. Given that the relationship is linear over the Fogs—Fo;¢g
range, it is possible to extrapolate to the Fe-rich (i.e., x — 0)
end of the solid solution series (see Koike et al. 2003;
Tarantino et al. 2003). However, there are exceptions to this
(see the “Discussion” section).

While there are abundant data for olivine in the literature,
we only included results in the diagram when the specific
forsterite content was given (Hofmeister et al. 1997; Jager
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Fig. 4. An overview of the band position of the strongest infrared
bands of the forsterite grains plotted versus their forsterite contents.
Black symbols are data from this study: Parnallee (+), Ornans (*),
Vigarano (9), Tieschitz (o), and Dhjala (x). Literature data has grey
symbols: Koike et al. (2003); (+), Jager et al. (1998); (*), Hofmeister
(1997) (o), and Salisbury et al. (1992) (x). The continuous lines are
least squares fits calculated for each band.

etal. 1998; Salisbury et al. 1992; Koike et al. 2003).
Generally, our results are in good agreement with literature
data when the range from Fogy—Fo;o is compared. The
majority of literature results fall into a £0.1 pm range of the
regression line from a given band calculated from our data
(Fig. 4). A band found in Koike et al. (2003) at 9.2 um (Fo;gg—
Fo39 5) was not found in our results, another at 9.5 um (Fo;oo—
Fogs4) occurred only in four of our spectra. Further usually
weak bands found occasionally by Jager et al. (1998) for
Fojpp at 9.3 wm, 13.6 um, 13.8 um, and 14.6 wm also have no
equivalent in this study. Another weak band at 10.8 um (Fog,)
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Table 1. Fitted wavelengths of observed bands 1-5, where x = Mg/(Fe + Mg)%.

Band Number of grains Least squares fit Fogg Foygp

(mode) (Total of 59) (Foy when x = 0) R Aum Aum

1(v)) 59 A=-0.0018x + 12.066  0.83 11.96 11.89

2 (v3) 59 A =-0.0024x + 11.446 0.56 11.30 11.21

3 (v3) 31 A=-0.0062x + 11.047 0.93 10.68 10.43

4 (v3) 40 A=-0.0055x + 10.682 0.94 10.35 10.13

5(vs?) 56 =-0.0032x + 10273  0.70 10.07 9.96
is close to the unassigned bands of our data from Vigarano
(Fig. 4). The above bands in the range below ~9.5 um are A
possibly overtones (Hofmeister 1987; Bowey and Hofmeister
2005). These are usually very weak bands approximately
one—one-hundredth the strength of the fundamental bands, + Band 1
and so probably not recognizable in our microscope spectra of o B e S—

. . . L ©r +F A X N 7
crushed micron-size grains. Also the missing features at XX_H_ TPV
longer wavelengths are probably too weak to be found with
our technique.

DISCUSSION Band 2
-------- X
Bands 4 and 5 Rl X o X 1
ﬁ_xx _______ + % 1

The only significant difference in the compositional § + 4
range from Fogy—Foiqy between the 10 pum spectra of =
terrestrial and meteoritic olivines is that bands 4 (10.1 um) § [ e i
and 5 (~10.0 um) are merged to form a single peak in many of H g\\}z{ T
the terrestrial spectra so that many of the literature peaks in = sl ‘-Pﬁ\ . Bend 3
Fig. 4 appear between the fits to the two meteoritic features. : \*—FX\

A comparison of the entire Foy—Fo;¢, range of the i 4 x\:ﬁ_\
literature data with the fits to the meteoritic bands in Fig. 5 I iaE T T ]
shows the presence of two peaks in the studies by Hofmeister te X x.%  Bend 4 T
(1997), Jager et al. (1998), and Koike et al. (2003), but the o + x x ..... _
absence of band 5 in the spectra obtained by Salisbury etal. | e *_ Band 5 ++é
(1992). In Koike et al. (2003), results confirming band 5 e . ""ﬁﬁ ]
chiefly fall into the range between Fo,y and Fog,, while band st Tl é
4 is represented by bands at the iron and magnesium rich ends :
of the compositional range.

These discrepancies and scatter in the measurements
could be due to the similar band strengths of the two peaks

and the small wavelength increment between the two bands
(~0.2 um at high Fo contents), which makes it difficult to
resolve the pair in the spectra of powders. Two features
(parallel to the y axis) are found in oriented single crystal
measurements by Hofmeister (1987). Theoretical studies of
spectra oriented along crystallographic axes have strong
feature along x-axis, but along the other two axes (Morlok
et al., Forthcoming). No equivalent orientation effects were
obtained for the other bands observed in this study.

Fitted Band Positions in Meteoritic and Terrestrial Studies

We have measured the spectra of those meteoritic grains
with compositions ranging between Fog, and Fo;,, while the

0 10 20 30 40 50 60 70 80 90
Forsterite mol %

Fig. 5. A comparison of regression lines for bands this study (grey,
continuous line, calculated from data between Fogq and Foyoy) with
literature from Fo, to Foy, (black lines). The black symbols indicate
band positions and are the same as the grey symbols in Fig. 4.

terrestrial studies measured spectra in the Foy—Fo;( range.
Fits from this study are compared with fits to the literature
data for the whole range of olivine composition from Fogy,—
Foj¢o (Table 2 and Fig. 5). The table lists separate fits to the
data from each study and a fit to the entire published data set
to avoid statistical bias due to the differing number of
analyses obtained in each laboratory study. Bands 4 and 5



Table 2. A comparison of least squares fit for the meteoritic grains and of the literature data (Koike et al. 2003; Jager et al. 1998; Hofmeister 1997; Salisbury
et al. 1992) over the Foy, to Fo(q range.

Bands

1

2

3

4

5

4+5

This study

Koike et al.
(2003)

Jéger et al.
(1998)

Hofmeister
(1997)

Salisbury et al.
(1992)

All literature
Fogg—Fo90

All literature
Fog—Foy90

—-0.0018x + 12.066
—-0.0020x + 12.078

—0.0020x + 12.103

—0.0018x + 12.060

—-0.0020x + 12.087

—-0.0020x + 12.083

—0.0024x + 11.446
—0.0018x + 11.414

—0.0020x + 11.403

—0.0021x + 11.430

—0.0022x + 11.465

—0.0020x + 11.436

—0.0062x + 11.047
—0.0050x + 10.923

—0.0050x + 10.922

—0.0051x + 10.920

—0.0052x + 10.958

—0.0051x + 10.935 or
-1.9 x 1075x2 -0.00311

x+10.911

—0.0059x + 11.000

—0.0055x + 10.682
—0.0056x + 10.596

—0.0040x + 10.606

—0.0043x + 10.570

—0.0055x +10.624

—-0.0032x +10.273
—0.0047x +10.419

—0.0040x + 10.406

—0.0036x + 10.310

—-0.0028x + 10.325
—0.0050x + 10.529

—0.0040x + 10.506

—0.0040x + 10.440

—0.0051x + 10.559

08L

Note: The forsterite range for Koike was 100, 92.1, 91.4, 90.7, 89.3, 86.5, 84.4, 77, 75.2, 56.8, 39.5, 21.8, 15.9, 11.0, and 0.0 with a spectral resolution of 1 cm~!. The range for Jiger was 100, 55, and 0.
The range for Hofmeister was 100 and 0, and the range for Salisbury was 92, 91, 88, 66, 60, 51, 41, 29, 18, 11, and 1 (4 cm™"). Band positions have been taken directly from studies. The combined fit
excludes the Jéger Foo, data due to possible sample contamination.

T2 39 OO 'V
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were fitted together since the spread of data in the Fogy—Fo¢q
range made it difficult to distinguish both peaks.

Within the experimental uncertainties, the fits to bands 1
and 2 are the same for the terrestrial and meteoritic samples,
irrespective of the differences in compositional range.

However, the fitted position of band 3 is much steeper in
this study than it is for the published terrestrial studies. Since
there is little difference between the meteoritic and terrestrial
band positions plotted in Fig. 4 and fits to the published Fog,—
Fogo data are very similar to the meteoritic results, we
conclude that the difference in our results is due to the smaller
compositional range. The slope of the fit to band 3 is
shallower for olivines with more Fe (i.e., Fo—Fogg) than it is
for the more Mg-rich grains. A better match to the entire
range of the terrestrial data is produced by the quadratic
expression given in Table 2. The fit to the combination of
band 4 + 5 matches meteoritic band 4 more closely than band
S; this result is consistent with the larger number of peaks
identified in the Salisbury et al. (1992) study.

Comparison with Astronomical Observations

The spectral properties of meteoritic olivines are
compared with astronomical observations in Fig. 6. Mid-IR
(10 um and 18 pum) spectroscopy of astronomical dust in a
variety of galactic environments reveals smooth absorption
and emission bands that have been associated with Si-O
stretching and bending modes in amorphous silicates,
respectively, since the spectral features of crystalline silicates
are narrow and highly structured. In contrast, longer-
wavelength (20—100 um) spectra of newly formed oxygen-
rich circumstellar dust indicate the presence of crystalline
silicates, principally, end-member forsterite (e.g., Waelkens
et al. 1996) and pyroxenes (Molster et al. 2001).

Observations of distinctive crystalline features in the 8—
13 wm range are rare, and when they are observed, they are
principally identified with olivine because of the strength of
the feature at ~11.2 um. Spectral identification of crystalline
silicates from ground-based telescopes is hampered by the
presence of strong 9.4-9.8 um absorption features resulting
from ozone in the Earth’s atmosphere and rapid changes in the
atmosphere’s opacity because of fluctuations in the
proportions of water vapor. 10 um observations of objects
with far-infrared forsterite bands are frequently affected by
the presence of strong narrow features identified with
polyaromatic hydrocarbons which occur a range of
wavelengths close to 7.7 um, 8.7 pm, 11.0 um, and 11.3 pm
(e.g., Molster et al. 2001). The minerals identified in the far-
infrared are unlikely to be seen at 10 wm because they have
very low emission temperatures (~100 K) compared with
200-600 K typical of 10 um silicate emission.

Olivine was first distinguished in the 10 micron spectrum
of comet Halley (Bregman et al. 1987, Campins and Ryan
1989) and several other comets. Recently, olivine has been
identified in the 10 um spectra of comet Hale-Bopp (e.g.,

54 38 2 1

—T T T T T T

| Comet Hale—Bopp

| HD 183298

Normalized Fv/Bv(T)
2 5

Fig. 6. A comparison of Foj, (solid curve) and Fog, (dotted curve)
meteoritic grains with the astronomical emission features of: comets
Hale-Bopp and C/2001 Q4 (NEAT) observed by Hanner et al. (1997)
and Wooden et al. (2004), respectively; debris disks surrounding the
pre-main sequence stars HD 163296 and HD 31648 (Sitko et al.
1999) and the circumstellar dust shells of post-main sequence
oxygen-rich AGB stars R Cas and RX Boo (Speck et al. 2000). The
grey bars indicate the fitted band positions of the measured Fogy—
Fo,oy meteoritic grains. The astronomical flux (F,) spectra have been
divided by a black body (B,(7)) of temperature 7, where T is chosen
so that the scaled flux of the black body is equal to that observed at 8
um and 13 um. All spectra are normalized to unity at their peak
wavelength, except for the R Cas and RX Boo spectra, which have
been multiplied by two in order to show off the contrast in their
features. Offsets in the y-axis from the bottom are 0, —0.5, 0, 0.5, 1.5,
2.0,2.5, and 3.0, respectively. The horizontal bars represent the band
positions for a given band over the whole range from Fo, to Foqq,
calculated from the regression lines.

Hanner et al. 1997) and the comet C/2001 Q4 (NEAT)
(Wooden et al. 2004) as they entered the inner solar system.
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As distance from the sun decreases and the cometary tail
develops, features start to appear in the spectrum. Weak bands
at 10.0 um, 11.2 um, and 11.9 um that corresponding to the
wavelengths of olivine peaks 54, 2, and 1, respectively, are
superimposed on the broad 8-13 wm emission feature of
comet Hale-Bopp, and bands 1 and 2 are seen in the noisier
spectrum of comet C/2001 Q4 (NEAT).

Olivine has also been identified in the debris disks
surrounding the pre-main sequence stars, for example, HD
31648 and HD 163296, by means of the 11.2 um feature in
their emission spectra (Fig. 6) (Sitko et al. 1999). We also
suggest that olivine might contribute to the spectra of the
oxygen-rich dust shells of the post-main sequence asymptotic
giant branch (AGB) stars Cas and RX Boo, as indicated by
the presence of an 11.2 um feature in the spectra published by
Speck et al. (2000), though this is tentative because the
observed features are very broad in comparison to the
laboratory features.

Unfortunately, the precise olivine composition cannot be
determined from the 8—13 pum astronomical spectra because
the compositional wavelength shifts in bands 1 and 2 are too
small in comparison to the resolution of the astronomical
instruments. It should also be noted, though, that there are
other factors in addition to forsterite content that can cause
peak shifts. Bowey et al. (2001) investigated shifts in band
positions for the 15 to 85 um range in olivines and pyroxenes
at low temperatures (<3.5 K). However, changes for bands the
mid-infrared are small (<0.2 um) and an extrapolation to the
10 um range suggests that the shifts would be <0.1 um, e.g.,
Day (1976). Variations in grain size and shape are also
commonly invoked as a source of differences between
astronomical and laboratory measurements (Bohren and
Huffman 1983).

CONCLUSIONS AND OUTLOOK

Infrared spectra of mineral grains from primitive,
unequilibrated meteorites could be more useful than
terrestrial olivines for comparison with astronomical infrared
spectra, since it is expected that meteoritic grains would be
similar to those produced in planet-forming disks around
young stars, main-sequence stars, or in envelopes
surrounding late-type stars. We find that the mid-infrared
band positions of extraterrestrial olivine grains are similar to
values for terrestrial and synthetic standards documented in
earlier studies. In addition, the smaller compositional
increments compared to earlier studies (Salisbury et al. 1992;
Hofmeister et al. 1997; Jager et al. 1998; Koike et al. 2003)
allow an accurate determination of compositional trends at
least in the compositional range from Fog—Fo;o. For
meteoritic grains with forsterite compositions of 60—100%,
five resonances in the IR spectra were measured at ~11.9 um,
11.2 um, 10.4 pm, 10.1 pm, and 10.0 wm; the 10.0 and
10.1 um features are not usually resolved in published studies
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of bulk powders in this range of composition. The results of
59 analyses allow the calculation of “ideal” band positions for
meteoritic olivines as a function of their iron and magnesium
contents. Comparison of the meteoritic results with
astronomical data for comets and dust around young and old
stars that exhibit bands similar to the strongest IR-resonance
observed in the grains (at 11.2 um) show that the spectral
resolution of the astronomical observations is too low to
ascertain the Mg:Fe ratio of the dust in the 8-13 um
wavelength range. The astronomical spectra probably
represent a combination of many grain types so that olivine
may not be the only material that matches the observations.
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