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Abstract A large number of cosmic dust particles, micrometeorites and volcanic dust
bands have been found and collected in Antarctic ice, snow and glacial sediments, espe-
cially in meteorite concentrated regions. Extraterrestrial spherules also have been dis-
covered from the stratosphere and deep-sea sediments. On the basis of their distributive
characteristics the cosmic dust particles are classified into interplanetary dust particles
and interstellar dust particles. According to their origins cosmic dust particles can be di-
vided into cometary origin particles, asteroidal origin particles, ablation particles from
meteorites and interstellar origin particles. The criteria for identifying cosmic dust par-
ticles have been established and the origins of cosmic dust particles are also discussed in
this paper.

Key words  Antarctica, cosmic dust particles, interplanetary dust particles, interstel-

lar dust particles.

1 Introduction

Since the first magnetic spherules in deep-sea sediments was discovered about 100
years ago(Murray and Renard, 1891), a number of dust particles have been collected
from different terrestrial environments. most notably in deep-sea sediment, strato-
sphere, strata, sea water and area of high latitude. With the development of microquan-
titatively analytical technology of micrograins., and the study on the microtexture and
chemical composition, the extraterrestrial origin of these dust particles was revealed. Re-
cently, the detection of dust particles has been extended from the space near Earth to
cosmic space,such as. the comprehensive studies of cometary flybys or remote observa-
tions, thermal emission from interplanetary dust cloud. More recently, new in-situ pro-
vided by the Long Duration Exposure Facility, the space station Mir, the Hilten space-
craft and the Galileo space probe. The question of interrelation between interstellar or cir-
cumstellar dust and interplanetary dust received much attention.

According to presented data a distinction can be made between dust particles in in-
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terstellar medium and the large amount of dust particles of solar system origin which are
mainly derived from comets and from collisions in the asteroid belt and named extrater-
restrial dust or cosmic dust. The particle lifetime in solar system is controlled by the
Poynting-Robertson effect, the ratio of solar gravitational forces to radiation pressure,
collisions among particles, and gravitational effect, principally from Jupiter and Saturn
(Taylor,1992). Thus,dust is lost from the interplanetary medium on timescales of 10°
years due to Poynting-Robertson effect. As a result, there have must been constant fresh
injection. Additionally, the concentration of dust particles in the stratosphere is enhenced
by a factor of 10° over than in space due to the braking effect of the atmosphere(Taylor,
1992).

According to their origin and source region cosmic dusts can be divided into primitive
and molten or differentiated groups. Primitive or undifferentiated dust particles include
interplanetary dust particles, interstellar dust particles, cometary dust particles, and mi-
crometeorites. The molten differentiated dust particles are mainly ablated from iron or
stony meteorites during the meteorite’s entry into the atmosphere. The interplanetary
dust particles collected from atmosphere may provide the information of asteroids and
comets in the solar system. The cosmic spherules collected in different terrestrial environ-
ments are classified into three groups: iron spherules, silicate spherules and glassy
spherules, which are mainly products of meteoritic ablation. Recent years, some cosmic
dust and volanic ash have been discovered in antarctic ice, snow, ice core and glacial sedi-
ment. In this paper we review the investigated results of these dust particles and their o-
rigins compared with dust particles collected in non-antarctic environment.

2  General characteristics of cosmic spherules

Table 1 shows cosmic dusts in ice, snow, glacial sediment, ice core and volcanic
dust bands in the blue ice fields in Antarctica. Table 2 shows cosmic dusts in the terrestri-
al atmosphere, lunar surface and deep-sea sediment.

3 Evidences and identifications of extraterrestrial origin

Most of stratospheric particles that have been analyzed are compositionally analogous
to CI or CM chondrites through the study of particles of extraterrestrial origin collected
from a variety of environments. They mostly have high amounts of carbon, being en-
riched over CI abundances by a factor of 2~5. In comparison with solar abundances, the
C/Si ratios of Halley dust particles, interplanetary dust particles, CI, CM and L chond-
rites are 0. 5, 0. 15, 0. 06, 0. 03 and 0. 001 respectively. Therefore,the interplanetary
dust particles (IDPs) are closer in composition to solar than chondritic ( Taylor, 1992).
Studies of petrology ,mineralogy,mid-infrared absorption spectra,Raman spectra and iso-
topic properties of IDPs show that IDPs appear to be less altered samples of nebular and
prenebular materials than those found in meteorites. Most IDPs originate from comets
and a part of dust particles consist of presolar interstellar-cloud material. IDPs exhibit
both similarities and differences as compared with meteorites, but the properties of IDPs
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do not fit into the framework established for meteorites, partly because of their tiny sizes
(~10 ‘cm in diameter). The laboratory study of IDPs is in its infancy. Diagnostic marks
of extraterrestrial origin of IDPs are as follows; (1) Iron spherules have high abundances
of siderophile elements. Silicate spherules have chondritic compositions and the REE
abundances. Chondritic particles generally are defined as those which have relative abun-
dances of Mg,Al,S,Ca,Fe and Ni, measured with respect to Si, within a factor of 3 of
those found in C-type meteorites. Some particles with strong depletions or enrichments
of specific elements have been classified as chondritic by different investigators. Other
particles consist primarily of Fe, Ni and S (FSN). Terrestrial particles from volcanic
eruption are common. In addition, the correlation diagram between Al/Fe and Ca/Si
(wt%) ratios, Co/Fe, Ir/Fe, Au/Fe ratios in metal phase,and Co/Fe,Au/Fe ratios in
iron meteorites are compared with those of extraterrestrial origin dust particles. Fig. 1
shows correlation diagram between Al, Ca, and Si in extraterrestrial spherules as com-
pared to chondrites. Fig. 2 shows chondrite-normalized REE plot for four individual sp-
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Fig. 1. Correlation diagram between Al, Ca and Fig. 2. Chondrite-nomalized REE plot for four
Si in extraterresial spherules as compared to chon- individual spherules from the Transantarctic Moun-
drites. 1. Antarctic spherules; 2. Deep-sea tains, Antarctica.

spherules; 3. Cl-chondrites; 4. Ordinary chon-

drites; 5. Enstatite chondrites.

herules. All spherules have a flat and undifferentiated chondritic pattern (Koeberl and
Hagen,1989). The neutron activation analysis of silicate spherules from oceanic sediment
indicates that among trace elements the rare earth elements provide effective tool to inves-
tigate the extraterrestrial silicate samples(Nagasawa et al. ,1980). In the terrestrial ig-
neous processes REEs behave similarly with regular variations parallel to atomic number
with an exception of Eu which shows anomalous behavior under reducing condtion. Dur-
ing cosmochemical processes evaporation of REE could take place under low-pressure,
high temperature condition to produce fractionation accompanied by anomalies of Ce,Yb
and possibly of Tm,in addition to that of Eu. The extraterrestrial materials have cosmo-
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chemically fractionated chemical composition. Nagasawa et al. (1980) suggested the cri-
teria for identification of cosmic spherules are: (a)similarity of REE abundance pattern to
those in meteorites; (b)anomalies of Ce, (Eu),Tm and/or Yb, as a high temperature
condensate in a primitive solar nebula or in a supernova, or an evaporation residue of me-
teoritic material or cosmic dust; (c) Irregular REE pattern indicating an extrasolar orig-
n.

(2)Chondritic particles contain large concentrations of He similar to those found in
lunar soil samples that have been exposed to the solar wind. High ‘He content (>
11.0X10 "em?®) are found among particles characterized by their porous texture and oc-
currence of unequilibrated mineral phases. These particles contain abundant glass, pre-
serve solar flare tracks,and have chondritic Zn abundances. Brownlee et al. (1993) sug-
gested that the measured He release profiles of step-heated IDPs provide a quantitative
determination of maximum temperature experienced by an individual IDP during entry
into atmosphere. Using the straightforward atmospheric entry model for dust, the tem-
perature can be used to infer the entry velocity for particles with known mass and densi-
ty. These techniques can distinguish the difference between typical asteroidal dust that
enters the atmosphere at velocity near 12 km/s and typical cometary dust that enters the
atmosphere at velocity above 15 km/s. For 10 pum IDPs with similar densities the tem-
perature difference between comet dust and asteroid dust is in the range of 200~ 300 C
or more. Evidence from the degree of entry heating and solar flare track densities sug-
gested that a large fraction of the silicate IDPs recovered from the stratosphere are de-
rived from main belt asteroidal parent bodies. In addition, IDPs enriched in Ne and Ar
have been found.

(3) The determination of hydrogen isotopes indicates some IDPs have a high D/H
ratios with enrichments up to 2500/cm’. Such high values are relatively uncommon in so-
lar system materials, but common in molecular clouds, apparently due to ion-molecule re-
actions (Taylor, 1992). Similar enrichments in meteorites such as Semarkona suggested
the survival of interstellar materials. Hydrogen-isotopic measurements demonstrated the
existence of large D enrichments in some particles, providing further evidence for their
interplanetary origin.

(4) The high densities of fossil nuclear tracks in the silicate minerals within some
particles were observed. These tracks are produced by the irradiation of the particles in
space by heavy nuclear from solar flares(Fleischer ef al. 4+1975). .

(5)Chondritic IDPs are dominated by either anhydrous minerals or layer-lattice sili-
cates. The anhydrous group can be further divided into pyroxene and olivine the silicates
minerals provide the best match for the observed intrared 10 pum spectral features. Anhy-
drous IDPs appear to be composed of single mineral grains, tar balls, a carbonaceous
phase and glass. Olivine compositions vary in the form of Fo,,,, and the grains occur
(~0.05 to 1 pm in diameter) in the form of anhedral grain, euhedral crystal, platelets
and spherical crystals. Pyroxenes include enstatite, hypersthene, fassaite, diopside and
augite compositions ( Bradley et a/. , 1988). Other less common single mineral con-
stituents of IDPs include magnetite, Fe-Ni alloy (kamacite), Fe-Ni carbides and
chromite. Tar balls consist of aggregates of extremely small (< 0. 01~0. 05 pm) round-
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ed crystals embedded in a carbonaceous matrix and their overall compositions are chon-
dritic, and possibly they are products of an accretional event prior to their incorporation
into IDPs. Kamacite and olivine are the dominant minerals, together with minor amounts
of Fe-rich sulfides. Carbonaceous material is widespread as a disordered material. Glass
is also present in anhydrous IDPs and usually contains embedded olivine, pyroxene or Fe-
rich sulfide grains. The layer-lattice silicates have low porosities and consist of pyroxene,
olivine and Mg- and Fe-rich carbonates. These layer silicates have been identified as
smectite and serpentine. Christofferson and Buseck(1986) identified a suite of refractory
phase including Mg-Al spinel, anorthite and perovskite, a tetragonal Fe sulfide, high Sn
grains, Al-,Si-, Ti- and Bi- oxides, SiC, Fe phosphide, Fe-Cr sulfide, FeOOH, and
BaSO,. Smectite is the dominant layer-lattice silicate in IDPs, whereas it is serpentine in
CM carbonaceous chondrites (Barber,1985).

(6) The study of the mid-infrared spectra of IDPs indicates that almost all the chon-
dritic IDPs in the 2. 5 to 25 pm (4000~400 cm ') spectral region have a dominant ab-
sorption feature at~10 pum(1000 cm '). The position and shape of this band varies from
particle to particle, but three broad grouping are evident. These spectral groups have
been labeled olivine, pyroxenes and layer-lattice silicates. The observed relative abun-
dance of olivine, pyroxenes and layer-lattice silicte particles is roughly 1 : 1 : 2 respec-
tively (Fig. 3). The spectra of IDPs in layer-lattice silicate group have additional bands at
3.0, 3.4, 6.0, 6.8, 7.9 and 12. 5 um(3300,2940,1670,1470,1270 and 800 cm™,re-
spectively). A weak band near 11. 4 pm (880 cm ') is also seen in some spectra. The
bands centered at 3. 0 and 6. 0 um are characteristic of terrestrial layer-lattice silicates and
are attributed to absorbed water. The 6. 8 um absorption band is due to CO,. The car-
bonate identification is further demontrated by the presence of the 11. 4 pum CO,. The
7.9, 12.5 and possibly the 3. 4 um bands are characteristic of materials containing hy-
drocarbon functional groups. Unfortunately, the silicon oil used to collect the IDPs also
exhibits features at the same locations, and the bands may be due to contamination. In
spite of differences in the mineral structures, infrared spectra of IDPs in the layer-lattice
silicate infrared groups are similar to those of CM carbonaceous chondrites.

(7) Ion-probe D/H measurements have now been made on 31 chondritic IDPs. A
total of 13 of them have fragments with 8D>>100 %, and 3 of them have parts with D>
1000 %,. FSN type exhibited a 8D value of 173 %, suggestive of an extraterrestial origin
(Bradley et al. ,1988).

As mentioned above, IDPs represent new classes of meteoritic material. Because of
orbital decay driven by non-gravitational effects and lack of high ram pressures during at-
mospheric entry,the IDP population in the Earth’s atmosphere contains samples of all as-
teroids and short period comets (Brownlee, 1993). Although most recovered IDPs are
similar to carbonaceous chondrites which have several properties that distinguish them
from existing meteorite groups. Typical IDPs have C/Si abundances ~ 3 X CI values.
The high C abundances of IDPs are beyond the provenance of carbonaceous chondrites
and it is suggested that they are from the samples of C-rich matter such as that measued
in Comet Halley. The volatile elements Ga,Ge, Cu, Se, Zn and Br are enhanced in most
IDPs by a factor of about 3. Zn content reversely correlates with the degree of atmo-
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Fig. 3. Representative infrared transmission spectra of interplanetary dust particles(Sandford and Walk-
er,1985).

spheric entry heating. Indicators used are volatile (Zn,Ge, Ga and S) depletion, mag-
netite rim formation, infrared changes, layer silicate alteration, track erasure, carbon
graphitization and the He loss. On the basis of He release curve about 20 % of the 10 pm
IDPs collected are cometary and that >>50 % are low velocity particles from main belt as-
teroids. This results agree with infrared astronomical satellite analysis implying that >
40 % of small particles at 1 AU are derived from asteroids.

4 Interstellar grains in primitive meteorites

Recent years, interstellar grains or presolar grains (such as SiC, microdiamond,
graphite, TiC, corundum and organic matter) preserved in Orgueil and Murchison prim-
itive carbonaceous chondrites have been found. Their interstellar origin is proven by
highly anomalous isotopic ratios. They are stable only under highly reducing condition
(C/O>1) and apparently are “stardust” formed in stellar atmosphere (Anders and Zin-
ner,1993). Microdiamonds with medium size about 1 nm are most aboundant (about 400
~ 1800 ppm). They contain anomalous noble gases including Xe-HL, which is derived
from supernova. Silicon carbide(0. 2~10 pm in size and ~ 6 ppm in abundance) appar-
ently comes mainly from red giant carbon (AGB) stars of 1~ 3 solar masses. Some grains
appear to be —>10° a older than the solar system. Graphite spherules, 0. 8~7 um in size
and <2 ppm in abundance contain highly anomalous C and noble gases, and large
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amounts of fossil *Mg. They seem to come from at least three sources, probably AGB
stars,novae,and Wolf-Rayet stars. As we know, the elements are continually synthe-
sized in stars, ejected into the interstellar medium, and then cycled back into next gener-
ation of stars, where the process is repeated. Thus isotopic composition of the elements
vary in time and space and serve as marks of exotic material. In the early 1960s, Rowe
and Kuroda (1965) reported that some meteorites had enrichments of the Xe isotopes
129 and 131~136 from decay of the extinct radionuclides '*I(t,,=16 Ma) and *‘Pu(t,,,
=82 Ma). Apparently some young material synthesized only prior to about 200 Ma had
been added to the early solar system. During the 1970s, relict of interstellar material was
about 4% enrichment of '*O in the most refractory phases of primitive meteorites, calci-
um-aluminum-rich inclusions (CAI). Other isotopic anomalies were found for Mg, Si,
Ca, Ti, etc. The magnitude of these anomalies generally is much smaller than expected
in fresh stardust and implies that the grains were severely reprocessed and diluted in the
solar nebula, leaving only an isotopic fingerprint. The primitive interstellar grains were
the fine- grained, low-temperature matrix. Four C-bearing grain types have been discov-
ered since 1987, and all are chemically quite resistant, permitting them to be isolated by
dissolving meteorites in acids(Tang and Anders,1988). A fifth type, Al,O, is resistant,
but not C-bearing. Other candidates have been found(e. g. Si;N,) ,but their interstellar o-
rigin has not yet been established. The exotic noble gases have been found in meteorites
(Anders and Zinner,1993). They are as follows: (1) Xe-HL is enriched in isotopes '*Xe
and '“Xe. Their host phase is diamond (C;) with grain size of 0. 001 pm, and abundance
of 400 ppm in C2 chondrites. The '“C/"C and '“N/"N ratios which are relative solar ra-
tios are 1. 04 and 1. 52 respectively; (2) Xe-S is enriched in isotopes '“Xe. Their host is
silicon carbide (SiC) or C, with grain size of 0. 03~10 pm and abundance of 7 ppm. The
C/"C and '"N/"N ratio are 0. 02~ 28 and 0. 05~ 60 respectively; (3) Ne-E(L) is en-
riched in isotopes *Ne. Their host phase is graphite (C,) with grains size of 0. 08~7 pm
and abundance of <2 ppm. The “C/"C and ""N/"N ratios are 0. 02~80 and 0. 15~1. 8
respectively; (4)Ne-E (L) is enriched in isotopes **Ne. Their host phase is SiC or Ce
with grain size of 0. 03~ 10 pm and abundance of 7 ppm. The “C/"C and “N/"N ratios
are 0. 02~ 60 and 0. 05~ 60 respectively. Diamond is enriched in heavy and light isotopes
and is therefore called Xe-HL. Xe-S has a characteristic of the s—processfneutron capture
on a slow time scale). It is believed to take place in red giants. Ne-E(L) has somewhat
higher ’Ne/*Ne ratios. Ne-E(L) has low “Ne/*Ne ratios and is nearly mono-isotopic
?Ne. Titanium carbide has been found only as inclusions within graphite spherules and
SiC crystals(Anders and Zinner,1993). Only two interstellar corundum grains have been
identified so far. They have large * Al/* Al ratios, large excesses in 'O, and smaller
deficits in "*O(Huss et al. , 1993a,1993b). Up to now, presolar grains have been investi-
gated in a considerable number of primitive meteorites. The diamond/silicon carbide ratio
is not constant(Fig. 4). Russell et al. (1992) pionted out that the enstatite chondrite In-
‘darch appears to be particularly enriched in SiC as compared to its diamond content,
whereas the CV 3s are relatively poor in SiC. The abundance of SiC in CV3 chondrites
seems to depend strongly on the oxidation state. The highly oxidized Allende has much
less SiC than the more reduced Vigarano. This differences imply either heterogeneity in
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the solar nebula or different destruction mechanisms for the two components. The abun-
dance of both diamond and silicon carbide in primitive meteorites decrease with increasing
petrologic type. The nitrogen content of the diamond varies considerably in a way which
might be dependent on petrologic type. Interstellar grains, which have been found in
primitive meteorites, provide a new and valuable source of astronomical information,
complementing traditional methods of astronomy and astrophysics. They also provide im-
portant information of chemical processes in both stellar atmosphere and the interstellar

medium.
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Fig. 4. Diamond/silicate carbide ratio. The enstatite chondrite Indarch appears to be particularly en-

riched in SiC as compared to its diamond content, whereas the CV3s are relatively SiC poor.

5 Discussion

Interplanetary dust particles are responsible for zodiacal light and gegenschein, the
Infrared Astronomical Satellite(IRAs) dust bands, meteors and impact pits on lunar rock
surfaces. The IDPs have also been detected by space probes and they have been shown to
persist out to at least 18 AU (Humes,1980). Dohnanyi(1978) calculated the Poynting-
Robertson effect and particle-particle collisions limit ~10 pm dust particle in size to life-
times of ~10"a in the inner solar system. Thus, the dust cloud presently observed in the
solar system is not primordial,but must either be a transient phenomenon or be continu-
ously replenished by one or more sources. Whipple(1967) calculated that a total produc-
tion rate of ~8 t/s is required to maintain the present cloud. Although there are a num-
ber of possible sources for the IDPs, the major ones are comets, asteroids, Sun, planets
with their rings and moons, and interstellar medium. Comet dust must be an important
constituent of interplanetary dust complex, for example, comet Kohoutek was observed
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to lose ~2X 10" g of solid material inside 2 AU (Ney,1982) of which approximately one
half is expected to remain within the solar system. Since the total mass of the zodiacal
dust cloud is ~10" g, it should take 10000 comet passages like that of comet Kohoutek
to replenish the cloud. Therefore,the passages of one such comet evey five years would
provide enough dust. Some calculations suggeted that even a single comet (comet Encke)
was situated in a unique short-period orbit. The cometary origin is supported by in-situ
measurements made by spacecrafts. The orbital parameters of dust near 1 AU as deter-
mined by experiments on Pioneer 8,10 and 11 are best fit by cometary sources(l.einert et
al. ,1983) . Some meteor showers are also associated with the orbits of some well-known
comets. For example, the Orionid and Aquarid meteoroid streams are associated with
Halleys comet, the Taurids with comet Encke. New information about comet dust has
been gathered by the several spacecrafts that made flyby of comet Halley. These probes
found that Halley.f- was producing particles with mass at least as low as 107"° g each( Vais-
berg et al. , 1986) and was injecting approximately 3 X 10° g/s of dust into the interplan-
etary medium. Many of grains had roughly chondritic elemental abundances, but some
particles consisted of O,Mg,Si and Fe, and these are probably individual silicate mineral
grains. Other particles were rich in H,C,N and O, suggesting an organic composition.
Various mixtures of different compositional types(H,C,O,N; H,C,N;H,C,0O;H,C)
were also found. The carbon and nitrogen abundances in the Halley material appear to be
much higher than in any of chondrites. The C/Mg and N/Mg in Halley dust are en-
hanced relative to CI by factors 6 to 12 and 6 to 8 respectively. These particles are domi-
nated by C,H,O and N(Brownlee,1990).

Asteroids are also the sources of interplanetary dust particles. The strongest evi-
dence for it comes from the results of the Infrared Asteronomical Satellite (IRAs) which
indicated band of dust running continuously around the solar system(Low et al. ,1984).
The bands have color temperature of 165 to 200 K, which places them at the position of
the main asteroid belt and suggests that dust is derived from asteroid-asteroid collisions
(Sykes and Greenberg,1986).

The study of solar-flare tracks may make it possible to determine the fractions which
come from asteroids and comets. The density of tracks produced in IDPs depends on its
space-exposure time, its distance from the Sun and the flux of track-producing solar-flare
nuclei. All of these factors are function of the orbit of a dust particles. Particle from an
asteroidal source should have an narrow range of non-zero track densities at 1 AU, while
cometary particles should display a wide range of track densities that extend to lower val-
ues. This is because asteroidal particles will undergo space exposure before arriving at 1
AU in near circular orbits. Comets produce dust in highly elliptical orbits that originally
cross the Earth’s orbit.

The evolutional model from the interstellar to the interplanetay medium is as follows
(Greenberg,1991) ; interstellar medium — dense clouds — protoplanetary nebular dust
— aggregation — 20 K<{T,<C100 K. comets formation, preservation of all volatiles(ice,
oganic refractories, amorphous anhydous silicate), production of comet dust (zodiacal
particles, IDPs and meteors) — 100 K<<T,<(500 K, formation of asteroids and aster-
oidal dust particle (zodiacal particles. IDPs and meteors) . preservation of H,0) and other



16 Wang Daode and Dai Chengda

volatiles at low T,, only silicates and less volatile fraction of organic refractories, and per-
haps recondensation and reprocesses of ice, crystalline silicates(hydrated and anhydrous)
— meteorites(C1, C2, C3). The organic matter decreases and silicate crystallinity in-
creases with the aggregation temperature T,. In addition, collisions between asteroids are
also contributed to zodiacal particles, IDPs and meteors.
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