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An Infrared Spectral Match
Between GEMS and Interstellar
Grains

John P. Bradley,"2 Lindsay P. Keller," Theodore P. Snow,?
Martha S. Hanner,* George J. Flynn,’ Joseph C. Gezo,’
Simon ). Clemett," Donald E. Brownlee,® Janet E. Bowey”

Infrared spectral properties of silicate grains in interplanetary dust particles
(IDPs) were compared with those of astronomical silicates. The ~10-micro-
meter silicon-oxygen stretch bands of IDPs containing enstatite (MgSiO,),
forsterite (Mg,SiO,), and glass with embedded metal and sulfides (GEMS)
exhibit fine structure and bandwidths similar to those of solar system comets
and some pre-main sequence Herbig Ae/Be stars. Some GEMS exhibit a broad,
featureless silicon-oxygen stretch band similar to those observed in interstellar
molecular clouds and young stellar objects. These GEMS provide a spectral
match to astronomical “amorphous” silicates, one of the fundamental building
blocks from which the solar system is presumed to have formed.

Interplanetary dust particles (IDPs) collected
in the stratosphere are from asteroids and
comets (/). The “chondritic porous” (CP)
subset of IDPs are likely cometary because
they have fragile microstructures, high car-
bon abundance, and high content of Mg-rich
silicates, and some have high atmospheric
entry speeds (2, 3). Comets are primitive
small bodies that are believed to contain in-
terstellar and circumstellar silicates as well as
other presolar components (for example, or-
ganic compounds) (3-6). A population of
glassy silicate grains known as GEMS are
found within the matrices of CP IDPs (7).
The physical properties of GEMS are exotic
(for example, they contain superparamag-
netic metal inclusions) but similar to those of
equally exotic astronomical “amorphous” sil-
icate grains that are ubiquitous throughout
interstellar and circumstellar space (7-9).
Optical evidence of these grains is found in
astronomical infrared (IR) spectra where
bands at ~10 and ~18 wm, corresponding to
the Si-O stretch and Si-O-Si bending mode
vibrations in silicates, are observed (in ab-
sorption and emission) along multiple lines of
sight (10).

We measured the IR (~10 pwm) bands of
GEMS in CP IDPs and compared them with
those of interstellar and circumstellar silicates
and silicates in solar system comets. Measur-
ing the IR properties of GEMS is difficult
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because (i) they are too small to analyze
using conventional laboratory IR spectropho-
tometers and (ii) they are almost always
found mixed with other submicrometer sili-
cate minerals. We analyzed IDP thin sections
(up to 15 pm in diameter) containing GEMS
mixed with other glassy silicates and submi-
crometer enstatite and forsterite crystals, as
well as regions (~6 wm in diameter) of thin
sections where GEMS are the only silicate
minerals present (/). Infrared spectral data
were acquired using the high-intensity light
line at the National Synchrotron Light Source
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(NSLS) at Brookhaven National Laboratory.
NSLS is ideally suited for analyzing tiny
(~1071'3 g) objects like GEMS because the
IR beam spot provided by the beamline is
brighter than that of conventional IR spectro-
photometers by more than two orders of mag-
nitude (/2).

GEMS are usually found within the ma-
trices of IDPs mantled with or embedded in
amorphous carbonaceous material (Fig. 1A).
Nanometer-sized inclusions of FeNi metal
(kamacite) and Fe-sulfide grains within
GEMS are embedded in a glassy silicate ma-
trix (Fig. 1, A and B). The glass is Mg-rich
(Mg/Si ratio = 0.25 to 2), Fe-depleted (Fe =
5 weight %), and stoichiometrically enriched
in O [probably as hydroxyl (-OH)] (7, 13).
Some GEMS exhibit a compositional gradi-
ent of decreasing Mg/Si from the center to-
ward the outer surface (7). Other GEMS also
contain “relict” sulfide or Mg-rich silicate
crystalline grains toward their centers (Fig. 1,
C and D), some of which exhibit heavily
etched microstructures (Fig. 1D). The tex-
tures, mineralogy, O enrichments, and Mg
gradients are consistent with the exposure of
GEMS to ionizing radiation (7).

The 10-pm band from a GEMS-rich IDP
(L2008V42A) was compared with those of
silicates in comets and circumstellar dust
(Fig. 2). The IDP band exhibits peaks at ~9.5
and ~11.2 pm, due to enstatite and forsterite
crystals, respectively, and broad peak struc-
ture between 9.6 and 10.2 pm, due to GEMS
and other glassy silicates. This ~10-pum band
structure is typical of GEMS-rich cometary
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Fig. 1. Transmission electron micrographs of GEMS within thin sections of chondritic IDPs. (A)
Bright-field image of GEMS embedded in amorphous carbonaceous material (C). Inclusions are FeNi
metal (kamacite) and Fe sulfides. (B) Dark-field image. Bright inclusions are metal and sulfides;
uniform gray matrix is Mg-rich silicate glass. (C and D) Dark-field images of GEMS with “relict” Fe

sulfide and forsterite inclusions.
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IDPs (14). Comets Hale-Bopp (C/1995 Ol)
and Halley are well-studied solar system
comets for which high signal-to-noise ~10-
pm spectral data are available (15, 16). Both
comets exhibit peaks at ~9.4 and 11.2 pm
(attributed to enstatite and forsterite, respec-
tively) and broad maxima at 9.8 to 10 pm
(attributed to glassy silicates) (/5, 16).
HD163296 is a pre-main sequence Herbig
Ae/Be star with a silicate-rich disk (/7). The
10-pm band exhibits peaks at ~9.5, ~10,
and 11.2 pm and is similar to that of solar
system comets (Fig. 2, B to D).

We compared the ~10-pm band from
GEMS with those of interstellar and circum-
stellar “amorphous™ silicates (Fig. 3). The
GEMS spectrum (Fig. 3A) was obtained from
a region of a thin section of IDP L2011*B6
where GEMS are the only silicates present.
The same clump of GEMS is present in four
thin sections of L2011*B6, and a similar
~10-pwm profile was collected in each case.
The band is broad and featureless, and it
peaks at ~9.8 pm with an IR excess or
asymmetry on the long-wavelength side (Fig.
3A). Similar featureless bands obtained from
GEMS-rich thin sections imply that, depend-
ing on composition and mineralogy [for ex-
ample, Mg/Si ratio and relict grains (Fig. 1, C
and D)], the peak position of GEMS may
vary between 9.3 and 10.4 pm (Fig. 4). Elias
16 (in Taurus) and Trapezium (in Orion) are
interstellar molecular cloud environments
(Fig. 3, B and C) (I8, 19). Their smooth,
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Fig. 2. Comparison of the 10-pum Si-O stretch
bands of a "GEMS-rich” IDP and astronomical
silicates. (A) Chondritic IDP L2008V42A. Profile
derived from transmittance spectrum. (B) Com-
et Halley (75). (C) Comet Hale-Bopp (76). (D)
Late-stage Herbig Ae/Be star HD163296 (17).
The structure at 9.5 um in (B), (C), and (D) is
due to telluric O,.
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asymmetric spectra with maxima at ~9.8 pm
and an IR excess on the long-wavelength side
are similar to those of GEMS (compare Fig.
3, A, B, and C). DI Cephei (a T Tauri star)
exhibits a ~10-wm band typical of the dust
around many young stellar objects (YSOs)
(Fig. 3D) (20). w-Cephei is an evolved ( post—
main sequence) M-type supergiant star (Fig.
3E) (21). Its circumstellar ~10-pwm band is
similar to but narrower than those of GEMS,
Elias 16, Trapezium, and DI Cephei.

The ~18-pm Si-O-Si bending band of
GEMS-rich thin sections is difficult to mea-
sure because the low sample mass and aper-
ture-induced diffraction effects (/7) reduce
signal at wavelengths greater than 15 pm.
Broad, featureless bands in several spectra
exhibit intensity maxima that vary between
18 and 20 pm, together with superimposed
sharper bands due to submicrometer enstatite
and forsterite crystals (22). Astronomical
“amorphous” silicate ~18-pm bands are also
broad with an absorption/emissivity maxi-
mum at ~18.5 pm (23). The ~18-pm bands
of other natural and synthetic amorphous
(glassy) silicates vary between 18 and 23 pm
(24).

The spectrum of GEMS matches the spec-
tra of interstellar molecular cloud dust (for
example, Elias 16 and Trapezium), YSOs (for
example, DI Cephei), and the M-type super-
giant p-Cephei (Fig. 3). Many YSOs, such as
DI Cephei, also have emission or absorption
profiles that can be fit with the Trapezium
emissivity when optical depth effects are tak-
en into account (/9, 20). No other single
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Fig. 3. Comparison of the 10-um Si-O stretch
bands of GEMS with astronomical silicates. (A)
GEMS (in IDP L2011*B6). (B) Elias 16 molecular
cloud (78). (C) Trapezium molecular cloud (79).
(D) Pre-main sequence T Tauri YSO DI Cephei
(20). (E) Post-main sequence M-type super-
giant p.-Cephei (27).
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natural or synthetic silicate has so far been
found to match astronomical “amorphous”
silicates. Bandwidths of most meteoritic (and
terrestrial) silicates vary between 1.7 and 2.5
pm (14, 18, 24), whereas bandwidths of as-
tronomical amorphous silicates vary between
2.5 and 3.5 pm (full width at half-maximum)
(10, 18). The GEMS feature matches the
molecular cloud dust in terms of bandwidth,
maximum absorption/emissivity at 9.7 to 9.8
pm, and long-wavelength asymmetry.

In addition to the ~10-wm spectral match
(Fig. 3), the isotopic compositions of some
GEMS-rich IDPs link them to an interstellar
molecular cloud environment. Although non-
solar isotopic abundances have not yet been
observed in GEMS (25), >N excesses (93 to
+500 per mil) as well as huge D/H excesses
(500 to +50,000 per mil) approaching the
values observed in cold interstellar molecular
clouds (10* to 10° per mil) have been ob-
served in GEMS-rich IDPs (26). The excess-
es are believed to reflect the preservation of
molecular cloud organic components that ex-
perienced extreme mass fractionation during
low-temperature ion molecule reactions. Us-
ing electron energy-loss spectroscopy, Keller
et al. (27) showed that the nitrogen in a
>N-enriched IDP is localized within the car-
bonaceous phase, which coats and encapsu-
lates GEMS (for example, Fig. 1A). There-
fore, it is plausible that the mantles were
deposited on the GEMS within a presolar
molecular cloud (4). In principle, observation
of nonsolar isotopic abundances within indi-
vidual GEMS using a new generation of high
spatial resolution ion microprobe would rig-

9.3 um|

10.4 pm

Intensity (arb. units)

8 9 10 11 12 13
Wavelength (.m)
Fig. 4. The 10-pm Si-O stretch bands from two
GEMS-rich IDPs. (A) IDP L2011*B5: GEMS with
<10% enstatite (thin section). (B) IDP
L2021C4: GEMS mixed with minor forsterite
[fragments in KBr, see (77)).
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orously establish their presolar origins (28).
On the other hand, failure to observe an
isotope anomaly would not rule out a presolar
origin. Because typical interstellar grains un-
dergo extensive processing through shocks
and irradiation exposure during their life-
times (~10% years), it is likely that their
isotopic compositions become homogenized
(29). The homogenized chondritic (“cosmic”
elemental compositions of GEMS are per-
haps evidence of this processing (7, 25).

The “chondritic” element abundances in
GEMS are generally consistent with those of
interstellar silicate grains (7, 30, 31). Inferred
abundances of most lithophile elements (for
example, Na, Mg, Al, Ca, and K) in interstel-
lar dust are compatible with silicate mineral-
ogy. Sulfur does not appear to be depleted
from the gas phase in the diffuse interstellar
medium (30, 31), but there is evidence of
sulfur depletion in interstellar molecular
clouds (32). Because GEMS contain sulfur
(7), they are more consistent with grains in
interstellar molecular clouds. In warm (>100
K) or shocked interstellar clouds, Fe tends to
stay in grains, whereas Si returns to the gas
phase (30, 31, 33). In GEMS, Fe is concen-
trated in metal and sulfide nanocrystals (Fig.
1), but Si is within nonstoichiometric (sili-
cate) glass, which may be more susceptible to
erosion and sputtering (7, 34).

The enstatite and forsterite crystals in
GEMS-rich IDPs resemble the Mg-rich silicate
mineralogy of comets inferred from their spec-
tra (5, 15) and in situ sampling of comet Halley
(16, 17, 35). The Infrared Space Observatory
(ISO) detected spectral peaks of submicrometer
forsterite and enstatite crystals in the spectra of
comet Hale-Bopp, in the disks of late-stage
YSOs, and in the circumstellar shells of some
evolved stars (6, 36). Submicrometer enstatite
and forsterite crystals are rare or absent in chon-
dritic meteorites and micrometeorites but are
conspicuously abundant in GEMS-rich chon-
dritic IDPs (3). Some of these crystals exhibit
crystallographic or compositional evidence of
growth from the vapor phase (3, 37), which is
the principal mechanism of grain growth in
circumstellar outflows. It is possible that some
of the enstatite and forsterite crystals in co-
metary IDPs are also presolar circumstellar
grains (37).

The ~10-pm spectral match between
some GEMS and astronomical amorphous
silicates adds to the physical, chemical, iso-
topic, and mineralogical data linking GEMS
to a presolar interstellar molecular cloud, pre-
sumably the local molecular cloud from
which the solar system formed. Superpara-
magnetic (FeNi) metal inclusions in GEMS
(Fig. 1) provide a logical explanation, first
proposed by Jones and Spitzer (38), for the
observation that (dielectric) interstellar
“amorphous” silicate grains cause polariza-
tion of starlight by aligning themselves in the
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galactic magnetic field (9). If GEMS are in-
deed astronomical amorphous silicates, one
of the long-sought building blocks of the
solar system has been found because, before
the collapse of the solar nebula, most of the
heavy elements in the solar system were car-
ried within these grains (30, 31, 38). The
10-pm Si-O stretch feature of IDPs com-
posed of GEMS, enstatite, forsterite, and oth-
er glassy silicates resembles solar system
comets and some circumstellar silicates. In
contrast to meteorites, GEMS-rich “CP”
IDPs collected in the stratosphere may be
relatively pristine aggregates of presolar in-
terstellar and circumstellar dust and therefore
the most primitive astrophysical materials
available for laboratory investigation.
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