
of these compositional analyses together 
with electron diffraction (ED). Particles 
were selected for detailed characterization 
based on some combination of enrichment 

Refractory Interplanetary Dust Particles 

Criteria are described by which refractory interplanetary dust particles (IDPs) can be 
differentiated from the products o f  spacecraft debris. These criteria have been used t o  
discover and characterize IDPs that are composed predominantly of refractory phases. 
Two of these particles contain hibonite, perovskite, spinel, refractory glass, and a 
melilite; only hibonite was identified within a third. The grain size for all particles 
ranges from 0.05 t o  1 micrometer, so that they are much finer grained than the 
refractory calcium- and aluminum-rich inclusions in meteorites. The glass-containing 
refractory IDPs may be primitive nebular condensates that never completely crystal- 
lized and thus have been preserved extant. 

EFRACTORY MINERAL-RICH IN- 
terplanetary dust particles (IDPs) 
would be expected to have compo- 

sitional and structural similarities to the 
calcium- and aluminum-rich inclusions 
(CAIs) that are found in most carbonaceous 
and some ordinary chondrites (I, 2).  These 
CAIs contain refractory metals, oxides, and 
silicates that experimental and theoretical 
work indicates should be the first phases to 
have condensed from the cooling solar neb- 
ula (3) and that are considered to be among 
the most primitive extraterrestrial material 
available for study. These refractory materi- 
als would also be present in the phases most 
likely to have survived melting and evapora- 
tion during the hypothetical T-Tauri stage 
of the sun. An important avenue of recent 
research has been a search for isotopic effects 
that indicate the presence of presolar materi- 
als in CAIs (4). However, the isotopic ef- 
fects that have been identified have probably 
been diluted or obscured by subsequent 
alteration processes that affected the CAIs, 
which include melting and partial or com- 
plete evaporation in the solar nebula as well 
as thermal and shock metamorphism, hy- 
drous alteration, and diagenetic processes 
on the meteorite parent body (2, 5). How- 
ever, materials incorporated into cometary 
bodies should have undergone little or no 
parent body alteration because of the pre- 
sumed low-energy environment of these 
bodies. The interpretation of the physico- 
chemical characteristics of the presolar mo- 
lecular cloud and the early history of the 
solar system would be much simpler from 
such pristine materials. 

For the past decade the National Aero- 
nautics and Space Administration (NASA) 
has collected and studied particles found 
within the earth's stratosphere (6). A vary- 
ing proportion (through time) of all of these 
particles are composed mostly of refractory 

elements. Some of these particles are un- 
doubtedly IDPs (7) and are possibly from 
comets. Thus such particles could include 
presolar grains, remnant condensation prod- 
ucts from the early solar system, and residue 
from the incomplete evaporation of presolar 
dust or early solar nebula condensation 
grains (3, 8),  all preserved from further 
reaction with the solar nebula or planetary 
alteration processes. 

Little work has been performed on the 
refractory particles collected from the strato- 
sphere because of their similarities to the 
products of solid propellant rockets and 
ablating spacecraft debris. However, recent 
examination of the microstructures and 
chemistry of ablating aerospace materials 
has indicated that this material can be differ- 
entiated from true extraterrestrial refractory 
particles (7, 9). For example, Zolensky (7) 
observes that the refractory phases hibonite 
[Ca(A1,Ti)12019], perovskite (CaTi03), and 
the melilites [gehlenite (geh), Ca2Al- 
(SiA1)07, to akermanite (aker), CazMg- 
Si207] do not appear to form from the 
ablation of aerospace materials. These 
phases are believed to be among the earliest 
to condense within the cooling.solar nebula " 
(3). Thus a systematic search for refractory 
mineral-rich IDPs within the stratospheric 
uarticle collection was made with these cited 
criteria for distinguishing such particles 
from spacecraft material. 

The stratospheric dust particles studied 
were obtained from the NASA collection. 
These particles were examined with both a 
JEOL 35CF scanning electron microscope 
(SEM) and a JEOL lOOCX scanning trans- 
mission electron microscope (STEM). The 
former was equipped wiih a windowless 
detector for the energy-dispersive x-ray 
(EDX) analysis of elements with an atomic 
number below that of sodium (10). All 
phase identifications were made on the basis 

in aluminum, calcium, or titanium and a 
nonspherical shape to minimize confusion 
with the uroducts of rocket exhaust and 
spacecraft debris. 

Semiquantitative EPX analysis revealed 
that particle W7029 H15 contains major 
amounts of aluminum, silicon, oxygen, and 
calcium and minor amounts of magnesium 
and titanium. A minor amount of sulfur is 
also present, which probably arises from 
contamination from stratospheric aerosols 
(11). This particle is an aggregate that con- 
sists of euhedral to anhedral grains that are 
0.05 to 1 pm in average diameter (Fig. lA).  
Particle W7029 H15 is 11 by 16 pm over- 
all. Most of the constituent grains are clus- 
tered together into micrometer-sized round- 
ed aggregates (see Fig. lB), which give 
portions of the particle a botryoidal appear- 
ance. Within W7029 H15 are grains of 
perovskite (essentially stoichiometric Ca- 
Ti03), gehlenite (approximately gehgO- 
akerlo), and hibonite (approximately Ca- 
A111T&.5Mg0 5Ol9). Subsequent EDX analysis 
of a small portion of this particle indicated the 
additional presence of a phase whose compo- 
sition is consistent with spinel (12). In addi- 
tion, wisps of silicate glass (as revealed by ED) 
are present (see Fig. 1B) that partially to 
completely encase some crystalline grains 
and bridge some grain clusters. The compo- 
sition of this glass could not be determined 
beyond the &its imposed by the overall 
refractory particle composition because of 
the close proximity of finer grained crystal- 
line phases. Because this particle was not 
disaggregated prior to phase characteriza- 
tion by ED, only grains along the edges of 
the oarticle could be examined. Thus the 
distribution of each of these phases within 
the particle could not be adequately deter- 
mined. Additional mineral phases may be 
present in this particle but on the basis of 
overall particle composition I concl~lde that 
the major phases have been identified. 

Particle W7017 lA55 contains major 
amounts of aluminum and oxygen and mi- , ., 
nor amounts of silicon, titanium, calcium, 
and magnesium. This particle is 15 by 10 
pm and consists of rounded and tabular 
grains that are closely packed and of submi- 
crometer sizes and that are separated by 
larger smooth regions (see Fig. 1C). All 
phases appear to have the same size distribu- 
tion. The rounded grains consist of perov- 
skite and a melilite; the tabular crystals were 
hibonite. The EDX analysis of these phases 
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Fig. 1. (A) Mineralogy of particle W7029 H15. This partick is composad of submicrometer-sized 
monomineralic grains of hibonite, gehlenite, and peromkite that are clustered into micrometer-sized, 
rounded aggregates. Glass can cover and surround the grains. (6) Close-up view of the upper portion of 
particle W7029 H15, which illustrates the clustering of individual crystalline grains (labeled X) into 
rounded aggregates. Glass is labeled g. (C) Mineralogy of particle W7017 1A55. As in partide W7029 
H15, glass is intimately associated with the submicrometer-sized crystalline grains of hibonite, mdilite, 
and perovskitc. (0) Particle W7017 1A114, which is a porous aggregate of well-sorted, submicrometer- 
sized grains that are rounded to vermiform in shape. Hibonite is the only mineral that was identified 
within this particle. 

was inadquate to calculate accurate wmpo- 
sitions but were roughly wnsistent with 
these mineralogical identifications. The po- 
sition of the melitite within the akermanite- 
gehlenite series could not be adequately 
determined. As with particle W7029 H15, a 
subsequent EDX study of this particle also 
indicated that spinel may be present (12). 
The smooth regions of this partide contain 
higher relative of silicon wm- 
pared with the bulk partide. Because they 
lack crystallinity (as determined by ED), 
these regions are predominantly glass of 
reflactory composition, as in particle 
W7029 H15. 

The semiquantitative whole-particle EDX 
analysis of partide W7017 1A114 shows 
that calcium, silicon, oxygen, and magne- 
sium are major constituents and that iron, 
titanium. and aluminum are minor ones. 
This particle is an aggregate; it measures 
approximately 5 pm in its largest dimension 
and consists almost entirely of spherical to 
vermifbrm grains that measure &m 0.1 to 
0.3 pm across and up to 1 pm in length 

(Fig. 1D). This particle has an unusually 
uniform grain size. The only mineral that 
au ld  be confidentlv identified within this 
partide was hiboni& with the approximate 
wmposition CaA&TizMgsO19. Additional 
phases including silicates are undoubtedly 
hresent in this particle, as indicated by the 
overall wmposition. 

Based upon the mineralogy and morphol- 
ogies of these particular particles, which 
together are completely unlike known ter- 
restrial materials of natural or artificial ori- 
gin (6, 7, 9), I suggest that all are IDPs. 
Continnation of this suggestion is provided 
in an accompanying report (13), in which 
the oxygen isotopic composition of these 
particl& describhd. ~ h &  these are the first 
IDPs to be identified that consist predomi- 
nantly (or solely) of rekctory minerals (14). 

The small size of these varticles (none 
larger than 16 pm in maximum dimension) 
essentially precludes the possibility that thqr 
were processed by fictional heating during 
passage through the atmosphere (15). In 
addition, excesses of 1 6 0  are reported for 

oxygen fiactionation reported fbr a m  
spheric ablation (16). Thus the refractory 
glass noted within partides W7029 H15 
and W7017 1A55 must have a preterresmal 
origin. There are three possible explanations 
for this glassy material: (i) ~s vitreous 
material may reflect a heating or shock event 
on a particle parent body; (ii) the& partides 
may have undergone partial melting in 
space, perhaps during the T-Tauri stage of 
our sun; or (iii) these two partides may 
originally have been endrely or partly non- 
crystalline and have only partly cryst-. 
The results of recent exwrimen~ that model 
condensation under appropriate nebular 
~ndit ions have suggested that amorphous 
material may have condensed initially and 
then crystallized later (17). Particles W7017 
1A55 and W7029 H15 may be two natural 
examples of such material in an arrested 
stageof crystallization. This state may easily 
have occurred if these parfides were held 
until recently within a cold wmetaxy body 
in which little energy was available far crys- 
tal nucleation and &ow&. 

The constituent grain s k  for the three 
particles described in this report rarely attain 
1 pm and are predominantly betweerr 0.05 
and 0.2 bm. These grain sizes are thus at 
least an order of ma&tude smaller than the 
finest grained meteoritic CAIs previously 
reported (I, 18). Thus the refractory IDPs 
described in this report are inherently differ- 
ent from analogous materials (CAIs) fbund 
within meteorites, and represent a new class 
of extraterrestrial material. Although such 
particles have wmpositions and mineralo- 
$es similar to very primitive &ctoly in- 
dusions found withii chondritic meteorites, 
they also exhibit significant differences from 
meteoritic CAIs, including much finer grain 
size and (in two out of three reported cases) 
the presence of refcactory gl& (19), which 
may mean that they are more primitive than 
CAIs. These partides are also excellent can- 
didates for ion probe analyses of such ele- 
ments as titanium, magnesium, and oxygen 
[compare with (13)l. The identification of 
probable presolar interstellar grains within 
rethctory-rich IDPs (verified by isotopic 
analyses) would add a new dimension to the 
study af extraterresmal materials. 
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Oxygen Isotopes in Refractory Stratospheric Dust 
Particles: Proof of Extraterrestrial Origin 

The oxygen and magnesium isotopic compositions of five individual particles that were 
collected from the stratosphere and that bear refractory minerals were measured by 
secondary ion mass spectrometry. Four of the particles exhibit excesses of oxygen-16 
similar to those observed in anhydrous mineral phases of carbonaceous chondrites and 
thus are extraterrestrial. The oxygen and maghesium isotopic abundances of one 
corundum-rich particle are consistent with a terrestrial origin. Magnesium in the four 
extraterrestrial particles is isotopically normal. It is unlikely that these particles are 
derived &om wbonaceous chondrites and thus such particles probably represent a 
new type of collected extraterrestrial material. 

T HERE IS MUCH EVIDENCE THAT 

most, and probably all, of the parti- 
cles collected from the stratosphere 

that have elemental abundances similar to 
those of carbonaceous chondrites are sam- 
ples of interplanetary dust particles (IDPs). 
The mineralogical, optical, and isotopic 
properties of these "chondritic" IDPs show 
that they are a diverse assemblage of primi- 
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tive materials from the solar nebula (1). 
Some IDPs have apparently undergone less 
chemical and thermal alteration on their 
parent bodies than have carbonaceous mete- 
orites, and it is probable that many IDPs, 
especially the highly porous ones (2),  are 
derived from comets. One notable difference 
between IDPs and most carbonaceous chon- 
drites is the relatively low abundance of 
high-temperature mineral phases in IDPs. 
Although many chondritic IDPs contain 
enstatite laths and ribbons that have been 
interpreted as evidence for high-temperature 
vapor-to-solid condensation processes (3), 
in only two particles have the more refiac- 

tory mineral phases that occur in the calci- 
um- and aluminum-rich inclusions (CAIs) 
of carbonaceous meteorites been found (4, 
5). One possible reason for this dearth of 
very refractory material in chondritic IDPs is 
that they formed at lower temperatures than 
those necessary for calcium-aluminum ox- 
ides to be stable in a gas of solar composi- 
tion (6). Another possible explanation is 
that particles with high abundances of re- 
fractory oxide minerals are by definition not 
chondritic and so may have simply been 
overlooked, since most studies have concen- 
trated on chondritic particles. 

The primary difficulty in identifying non- 
chondritic IDPs in the National Aeronautics 
and Space Administration (NASA) strato- 
spheric collection is distinguishing them 
from the abundant terrestrial contaminant 
particles. Circumstantial evidence for an ex- 
traterrestrial origin of single-mineral mafic 
silicate grains and of iron-sulfur-nickel parti- 
cles is provided by their frequent association 
with chondritic material (7). The difficulties 
in identifying refractory extraterrestrial par- 
ticles are exacerbated by pollution in the 
stratosphere, which includes refractory ma- 
terials from rocket exhaust and spacecraft 
debris (8). In particular, the large abundance 
of aluminum-oxide spherules in the strato- 
sphere leads to a possibility that these parti- 
cles could get mixed with chondritic materi- 
al on the collection surface. The only rigor- 
ous means for proving that small particles 
collected on Earth are of extraterrestrial 
origin is to measure either effects that can 
only be attributed to prolonged space expo- 
sure (for example, the presence of solar-flare 
nuclear particle tracks) or isotopic abun- 
dances that cannot be derived from the 
terrestrial composition by naturally occur- 
ring physical or chemical processes (for ex- 
ample, radioactive decay or isotopic mass 
fractionation). Previous hydrogen and mag- 

Fig. 1. Secondary electron micrograph of the IDP 
Shannondale. The energy-dispersive x-ray spec- 
trum of spot a shows aluminum only, whereas 
that of spot p is chondritic. 
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