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Abstract. The NASA Ames HIFOGS spectrometer observed comet C/1995 O1 (Hale–Bopp) at
epochs including 96 Oct 7–14 UT (2.8 AU), 97 Feb 14–15 UT (1.2 AU), 97 Apr 11 UT (0.93 AU),
and 97 Jun 22, 25 UT (1.7 AU). The HIFOGS 7.5–13.5µm spectrophotometry (R = 360− 180)
of the silicate feature at 2.8 AU is identical in shape to the ISO SWS spectra of comet Hale–Bopp
(Crovisier et al., 1997); the strong 11.2µm peak in the structured silicate feature is identified as
olivine. Upon close passage to the sun, the HIFOGS spectra at 1.2 AU and 0.93 AU reveals strong
peaks at 9.3µm and 10.0µm. The post-perihelion 10µm silicate feature at 1.7 AU is weaker but
has nearly the same shape as the pre-perihelion spectra at 1.2 AU, reverting to its pre-perihelion
shape: there is no change in the dust chemistry by close passage to the sun. The appearance of the
strong peaks at 9.3µm and 10.0µm at rh . 1.7 AU is attributed to the rise in the contribution
of pryoxenes (clino-pyroxene and orthopyroxenecrystals) to the shape of the feature, and leads
to the hypothesis that the pyroxenes are significantly cooler than the olivines. The pyroxenes are
radiating on the Wien side of the blackbody at 2.8 AU and transition to the Rayleigh–Jeans tail of the
blackbody upon closer approach to the Sun. Composite fits to the observed 10µm silicate features
using IDPs and laboratory minerals shows that a good empirical fit to the spectra is obtained when
the pryoxenes are about 150 K cooler than the olivines. The pyroxenes, because they are cooler and
contribute signficantly at perihelion, are more abundant than the olivines. The perihelion temperature
of the pyroxenes implies that the pyroxenes are more Mg-rich than the other minerals including the
olivines, amorphous olivines, and amorphous pyroxenes. The PUMA-1 flyby measurements of comet
P/Halley also indicated an overabundance of Mg-rich pryoxenes compared to olivines. Comet Hale–
Bopp’s pyroxenes are similar to pyroxere IDPs from the ‘Spray’ class, known for their D-richness
and their unaltered morphologies: Hale–Bopp’s Mg-rich pyroxenes may be pristine relic ISM grains.
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1. Introduction

Comets are the frozen reservoirs of pristine early solar nebula material. In contrast,
even the most primitive meteorites contain reprocessed silicates; for example, some
carbonaceous meteorites contain Mg-rich olivine crystals with Fe-rich olivine rims,
conclusive of secondary heating events. Thus, comets are the best reservoir for the
study of the first solar nebula silicate condensates and the presolar silicates accreted
from the interstellar medium.

Comet grains are studied by rendevous spacecraft, by remote sensing (ground-
based and spaceborne IR spectroscopy) and by laboratory study of interplanetary
dust particles (IDPs) of cometary origin (having stratospheric entrance velocities
of ≥15 km s−1 with no substantial loss of volatiles, Flynn et al., 1995). By iden-
tification with terrestrial minerals, IDPs are grouped into three classes according
to their IR spectra: olivines (11.2 and 10.0µm peaks), pyroxenes (9.3 and 10.5
µm peaks), and layer-lattice silicates (∼9.8µm broad peak). Pyroxene IDPs are
the most Mg-rich, the most fluffy, having a granular carbonaceous matrix (Bradley,
1988), and often contain pryoxene crystals with radiation tracks indicative of low-
dosage long-term exposure such as expected for the interstellar medium (Bradley et
al., 1997). Olivine IDPs are less porous compared to the pyroxene IDPs, and have a
glassy matrix (Bradley, 1988). Layer-lattice silicates (smectites) are much denser,
containing aqueously altered material, “tar balls”, and probably are asteroidal in
origin (Bradley, 1988). Cluster (highly porous and fragile) IDPs have substantial
deuterium enrichments (Messenger et al., 1996); some IDPs are interstellar relic
grains.

Theoretical thermal equilibrium condensation sequences computed for the solar
nebula predict the first silicate mineral to condense was forsterite, i.e., pure-Mg
olivine [MgyFe(1−y)]2SiO4 with y = 1.0, and the next silicate to condense was
enstatite, i.e., pure-Mg pyroxene MgxFe(1−x)SiO3 with x = 1.0 (Larimer, 1967).
Small amounts of manganese and iron were probably incorporated from the gas
phase into the extremely Mg-rich olivines and pyroxenes (Wai and Wasson, 1977),
as evidenced by the study of MnO/FeO ratios in unequilibrated chondrites and
in IDPs (Klöck et al., 1989). For comet Halley, PUMA-1 mass spectrometry de-
duced Mg-rich pyroxenes were the dominant silicate mineral species (Schulze et
al., 1997), in apparent contrast with ground-based spectroscopy which identified
olivines as a major mineral component (Bregman et al., 1997; Bradley et al., 1988;
Campins and Ryan, 1989). The Mg-content of cometary olivines and pryoxenes
investigates the gas phase chemistry, radial mixing, and the survival of interstellar
relic grains in the early solar nebula.
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2. 10µm Silicate Spectra and Mineral Fits

The NASA Ames HIFOGS (Witteborn et al., 1991) was used to observe the mid-IR
spectrum (7.5–13.5µm) of the inner coma of comet Hale–Bopp with an aperture 3′′
and a resolving power ofR = 360−180 at the 2.3-m Wyoming Infrared Observatory
(WIRO) and the 3.0-m NASA Infrared Telescope Facility (IRTF). High quality
spectra were obtained on 96 Oct. 07–14 UT, 97 Feb. 14–15 UT, 97 Apr. 11 UT,
and 97 Jun. 22, 25 UT; for details of the observation and analysis see Wooden et
al. (1999a). Both IDP fits and laboratory mineral fits to the 4 epochs of HIFOGS
silicate spectra were made, and a brief synopsis of the mineral fits is shown in
Figures 1 and 2. Figure 1 shows the shape and strength (flux density divided by a
blackbody continuum fit toλ ≤ 7.8µm andλ ≥ 2.5µm) of the silicate feature as
observed by HIFOGS in 96 Oct 07–14 UT at 2.8 AU (8 nights scaled and smoothed
in the upper plot) and in 97 Apr 11 UT at 0.93 AU (just 10 days prior to perihelion
in lower plot), compared to a five component mineral fit.

The strength and shape of Hale–Bopp’s silicate feature changed as the comet
approached and receded from perihelion. The silicate feature increased in con-
trast relative to the continuum from 2.5 to 3.0 whenrh decreased from 2.8 AU to
0.93 AU, significantly larger than comet Halley’s silicate strength of∼1.8 (Han-
ner et al., 1994). The silicate feature also increased in complexity: the 9.3µm
shoulder in Hale–Bopp’s silicate feature increased to become a distinct 9.3µm
peak, the 10.0µm peak increased, a narrow 10.5µm peak appeared, and the
11.2 µm peak increased and narrowed. In Figure 1, the changes in the silicate
feature structure are modeled by the sum of a constant multiple (constant fractional
abundance) of optical extinctionsQext of (crystalline) olivine (Koike et al., 1993),
amorphous olivine, and amorphous pyroxene (Dorschner et al., 1995) assigned the
temperature of the observed 10µm continuum plus a constant multiple ofQext of
clino-pyroxene and ortho-pyroxene (C. Koike pers. comm.) fitted to a temperature
of about 150 K cooler than the other species. The (crystalline) pyroxenes were too
cool, radiating on the Wien side of the Planck curve, to contribute significantly to
the 10µm silicate feature at 2.8 AU, but warmed enough to be seen at 10µm as
the comet approached perihelion (Wooden et al., 1999a).

The ISO SWS spectra on 96 Oct 06 UT (Crovisier, 1997; Crovisier et al.,
1997), observed just one day prior to the HIFOGS spectra on 96 Oct 07–14 UT,
strongly constrains the contribution of cooler (crystalline) pyroxenes: even though
the pyroxenes are too cool to radiate at 10µm, they are warm enough to radiate
at 18–35µm. Figure 2 is the mineral fit shown in the upper panel of Figure 1 at
2.8 AU but multiplied by a∼200 K blackbody and scaled for comparison with the
ISO SWS spectrum; the HIFOGS spectra is plotted by the heavy solid line to show
its remarkable similarity to the larger beam satellite data. The mineral model for
Hale–Bopp (heavy dotted line) provides a good match to the relative strengths of
the 24-, 29- and 33-µm peaks, with a reasonable match for the 19µm peak. A total
mineral fit with forsterite, i.e., pure-Mg olivine (Koike et al., 1993), substituted for
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Figure 1.Mineral model fit to HIFOGS 10µm silicate features at 2.8 AU (96 Oct. 07–14 UT) and
0.93 AU (97 Apr. 11 UT), using a combination of olivine, amorphous olivine, amorphous pyroxene
at the temperature of the observed 10µm continuum and clino-pyroxene and ortho-pyroxene at a
cooler temperature equal to a constant fraction of (∼0.6×) the 10µm continuum.
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Figure 2.Mineral model fit to HIFOGS 96 Oct 07–14 UT and ISO SWS 96 Oct 06 UT spectra.

olivine (all parameters fixed) is also shown in Figure 2 by the light long-dashed
line, to demonstrate that olivine fits better than forsterite, primarily by the fact that
the 33-µm peak is too strong and secondly by the 18- and 23-µm peaks are too
narrow for forsterite as compared to olivine.

3. Cool Mg-Rich (Crystalline) Pyroxenes: Implications

The changes in the shape of Hale–Bopp’s 10µm silicate feature with heliocentric
distance are empirically modeled by the incorporation of pyroxene crystals which
are about 150 K cooler than the other mineral species, which include (crystalline)
olivine, amorphous olivine, and amorphous pyroxene. The pyroxenes are therefore
more poorly coupled to the sunlight than the other minerals. If the other minerals
are the temperature∼400 K at perihelion ('10µm continuum temperature) while
the pyroxenes are∼250 K, then when in radiative equilibrium the pyroxene’s
wavelength-averaged visible absorptivity is, by the forth-power of the temperature
ratio, one-sixth that of the other species.

Increasing the Mg content of pyroxenes and olivines has the effect of decreas-
ing the optical density (OD = ln[I/I0]) and wavelength of their optical resonances
(Burns, 1993). The same effect is seen in the IR resonances, although the correla-
tion is not as tight. For example, the 11.3µm forsterite peak shifts to 11.0µm for x
= 0.95, and then shifts to longer wavelengths (Koike et al., 1993). By comparison of
complex indices of refraction (k) for amorphous olivines and amorphous pyroxenes
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(Dorschner et al., 1995), the olivines are a few times more optically active for the
same Mg-content, but not enough to account for the deduced large temperature
difference in the mineral species in Hale–Bopp. By Mie scattering computations
of 〈Qext〉 for 0.25 and 0.5µm grains using Dorschner et al.’s optical constants,
if the olivines were fifty percent Mg-rich, i.e., [MgyFe(1−y)]2SiO4 with y = 0.5,
then the pyroxenes would have to be much more Mg-rich to be 150 K cooler, i.e.,
MgxFe(1−x)SiO3 with x ≥ 0.8. The resonance peak in extremely Mg-rich pyroxene
IDPs is also at 9.3µm (Bradley et al., 1992). The ortho- and clino-pyroxenes used
in the mineral fit havex ' 0.9 (Koike et al., 1993; C. Koike, pers. comm.). Thus,
in comet Hale–Bopp the pyroxene crystals are probably more Mg-rich than other
species.

Because the pyroxenes are cooler, they are Mg-rich, and by the fact they are seen
at perihelion, they are a few times more abundant than the olivines and amorphous
species. Thus, the apparent paradox (Section 1) of the PUMA-1 flyby results that
discovered an abundance of Mg-rich pryoxenes over olivines (Schulze et al., 1997)
is resolved by this discovery of a less optically active mineral component in Hale–
Bopp’s coma.

The Mg-rich pyroxene crystals in Hale–Bopp may be the interstellar relic
pyroxene crystals in IDPs found by Bradley and collaborators (Section 1). In the
IDP fits to Hale–Bopp’s silicate feature presented in Wooden et al. (1999b), the
pyroxene IDPs which best fit are ‘Mac’ and ‘Spray4a’ (Sandford and Walker, 1984)
and are both members of the ‘cluster IDPs’ class (Sandford, pers. comm.) which
have significant D-enrichments (Messenger et al., 1996) and show no significant al-
teration before incorporation into parent bodies (Bradley, 1994). Thus, the Mg-rich
pyroxenes in Hale–Bopp may be pristine interstellar relic grains.
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