
Discovery of Nuclear Tracks in Interplanetary Dust 

Abstract. Nuclear tracks have been identified in interplanetary dust particles 
(IDP's) collected from the stratosphere. The presence of tracks unambiguously 
conjirms the extraterrestrial nature of IDP's, and the high track densities (10" to 
10" per square centimeter) suggest an exposure age of approximately lo4 years 
within the inner solar system. Tracks also provide an upper temperature limit for the 
heating of IDP's during atmospheric entry, thereby making it possible to  distinguish 
between pristine and thermally modified micrometeorites. 

Interplanetary dust particles (IDP's) 
that enter the atmosphere without melt- 
ing (micrometeorites) are now routinely 
collected in the stratosphere. They are 
the only available meteoritic materials 
whose surfaces were recently exposed to 
space (the surfaces of conventional me- 
teorites melt during atmospheric entry). 
An early expectation of studies of micro- 
meteorites was that they would contain 
solar flare tracks, which are essential for 
determination of (i) the degree to which 
micrometeorites have been heated dur- 
ing atmospheric entry, (ii) the residence 
time of IDP's in the interplanetary medi- 
um, and (iii) the possibility of preaccre- 
tional exposure of IbP mineral grains to 
solar or galactic irradiation. Dust parti- 
cles are eventually destroyed in the in- 
terplanetary medium by collisions and 
Poynting-Robertson drag (I), but, since 
they can have theoretical interplanetary 
lifetimes on the order of lo4 years, track 
densities on the order of 10" cm-2 could 
be expected (1, 2). High concentrations 
of helium, neon, and argon detected in 
some particles (3) were consistent with 
recent exposure to the solar wind, but a 
primordial origin for the implanted gas 
Could not be ruled out. Earlier attempts 
to find tracks have not been successful; 
this result suggested either that IDP's 

simply did not contain significant track 
densities or that the tracks had somehow 
been erased. In the absence of evidence 
to the contrary, it was always assumed 
that tracks were annealed during atmo- 
spheric entry, but recent studies (4-6) 
have indicated that many micrometeor- 
ites were probably never heated to suffi- 
cient temperatures to anneal tracks. 

We report here the discovery of solar 
flare tracks in two micrometeorites, both 
of which had been retrieved from the 
stratosphere at an altitude of 18 to 20 km 
by U-2 aircraft (7). The tracks were 
observed by conventional transmission 
electron microscopy with 200-keV inci- 
dent electrons. However, successfully 
identifying them and recording them on 
photographic plates depended on the 
electron microscope operating config- 
uration, sample preparation, and proper- 
ties of the IDP's themselves. We deter- 
mined the optimum microscope config- 
uration at the outset of this study by 
examining a stratospheric micrometeor- 
ite (U2-14-6-9A) that had been exposed 
to an iron ion beam at the Super Heavy- 
Ion Linear Accelerator Facility in Berke- 
ley, California (8). This sample was irra- 
diated twice (at incidence angles differ- 
ing by 15") with a total dosage of between 
10" and 5 x 10" ions per square centi- 

Fig. 1. Transmission electron micrographs of solar flare tracks in olivine [(Mg,Fe)SiO,] grains 
from micrometeorite U2-20Bll: (A) bright-field image (olivine, with -40 mole percent 
forsterite); (B) dark-field image (olivine, with -45 mole percent forsterite). The observed track 
densities for both of these grains are between 10" and 10" ~ m - ~ .  

meter, thereby providing a "standard" 
IDP in which we. could search for a 
known density of tracks in fine-grained 
micrometeoritic material. After success- 
ful identification of tracks in this "stan- 
dard," we also identified tracks in two 
pristine particles (U2-20B 1 1 and U2- 
20B37). Tracks are most easily seen (in 
both "standard" and pristine IDP's) in 
grains that are relatively free of other 
types of crystallographic imperfections 
(for example, stacking faults or strain 
contours) and residual adhering material, 
and therefore sample preparation and 
properties of the IDP's themselves are 
important. Usually the most suitable 
samples for track searches are those that 
have been crushed and dispersed as a 
large number of well-separated, mono- 
mineralic grains on thin carbon ( 4 0 0  A) 
support films (4). All the grains in which 
tracks were encountered were either 01- 
ivines or pyroxenes. Olivines are partic- 
ularly ideal for viewing tracks because 
they are usually free of defects. On the 
other hand, pyroxene grains commonly 
consist of twinned crystals with stacking 
defects,. and the strong image contrast 
arising from these structures often masks 
the subtle contrast modulation arising 
from tracks. 

Figure 1 shows electron micrographs 
of tracks in well-rounded olivine grains 
from micrometeorite U2-20B 11. They 
can be imaged in both bright-field (Fig. 
1A) and dark-field (Fig. 1B) image 
modes, and they maintain their strongest 
image contrast when 200-pm second 
condenser and 20-pm objective aper- 
tures are positioned in the beam path. 
Rapid fadidg of partially annealed tracks 
under electron irradiation has been a 
problem with 100-k~ electrons (8), but, 
because of reduced ionization cross sec- 
tions at higher energies, this problem is 
not as pronounced with 200-keV elec- 
trons. The tracks can be distinguished 
from other types of crystallographic de- 
fects in that they form randomly oriented 
straight-line defects that anneal slowly in 
the electron beam (9). The measured 
track densities found in many grains in 
particles U2-20Bll and U2-20B37 are 
between 10" and 10" cm-'. Three other 
micrometeorites (U2-20-SP57, U2- 1 1 B6, 
and U2-20-SP75) were also searched for 
tracks. Particle U2-20-SP57 was selected 
primarily because it contained an unusu- 
ally large (>lo pm) olivine crystal. This 
crystal was first examined whole and 
was then removed from its substrate, 
crushed between glass slides, and re- 
mounted as a large number (>20) of 
micron- and submicron-sized fragments. 
Despite a prolonged search, no tracks 
were found in this particle, nor were 
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tracks identified in micrometeorites U2- 
l lB6 and U2-20-SP75. 

We determined the elemental abun- 
dances for micrometeorites U2-20Bll 
and U2-20B37 by electron microprobe, 
using the quantitative particle analysis 
routine of Armstrong and Buseck (10). 
These particles exhibit classical chon- 
dritic compositions, and for all elements 
the abundances agree to within a factor 
of 2 with those of type CI carbonaceous 
chondrites (Table 1). In particular, the 
particles are highly enriched in sulfur 
relative to all other meteorite types ex- 
cept CI's. Most chondrite groups have 
similar abundances, so it is not reason- 
able on the basis of compositions to 
actually assign the particles to any chon- 
dritic subgroup. However, it is signifi- 
cant that the SISi ratio of both microme- 
teorites is distinctly higher than that of 
all other chondrites except CI's. Sulfur is 
the only element of those analyzed that 
is significantly fractionated among chon- 
drites, and it is also the only volat~le 
species whose abundance would indicate 
low-temperature formation and lack of 
strong heating during atmospheric entry. 

All of the particles studied belong to 
the class of micrometeorite we refer to as 
"chondritic" (11), because they invari- 
ably exhibit compositions similar to 
those shown in Table 1. Chondritic 
IDP's are aggregates of predominantly 
submicron grains and carbonaceous ma- 
terial, and we chose them to search for 
tracks because their porous structures 
and fragile textures suggest that they 
may have been derived from contempo- 
rary comets. Comets are major suppliers 
of dust to the interplanetary medium (12) 
and of solar system bodies are most 
likely to contain well-preserved samples 
of the primordial particulate material 
that formed the outer planets. Further- 
more, chondritic IDP's exhibit mineral- 
ogical evidence of primordial processes; 
for example, enstatite whiskers and 
platelets found in most chrondritic mi- 
crometeorites were almost certainly 
formed by direct gas-to-solid condensa- 
tion (13), and iron-nickel carbides in 
some IDP's appear to have been em- 
placed via Fischer-Tropsch type hetero- 
geneous catalysis reactions (4, 5). Large 
deuteriumlhydrogen fractionation re- 
cently measured in two IDP's is strong 
evidence for primordial isotopic fraction- 
ation (14). 

Identification of tracks provides fur- 
ther confirmation of the well-preserved 
state of some chondritic micrometeor- 
ites, and the measured track densities 
( 1 0 ' ~  to 10'' cm-') in particles U2-20B11 
(Fig. 1) and U2-20B37 are consistent 
with exposure ages within the interplane- 
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Table 1. Atom abundances of elements (nor- 
malized to silicon). 

Ele- Particle Particle CI 

ment U2- U2- chon- 
20B1 l* 20B37* dritest 

*Relative error, 2 10 percent, tFrom Anders and 
Ebihara (18). 

tary medium on the order of lo4 years 
(2). The predicted track production rate 
in micron-sized particles at 1 AU is be- 
tween 3 x lo5 and lo7 tracks per square 
centimeter per year (8). The measured 
densities are also consistent with expo- 
sure ages for millimeter-sized particles, 
obtained by measuring 5 3 ~ n ,  ' ' ~ e ,  and 
2 6 ~ 1  in cosmic deep-sea spheres (15). 
Transient defects observed (with 100- 
keV electrons) in two other micromete- 
orites, which in retrospect were proba- 
bly solar flare tracks, suggested ex- 
posures between lo3 and lo4 years (8). 
However, although relative exposure 
ages of collected IDP's can be inferred 
easily from track density measurements 
(if the tracks are stable to electron irra- 
diation), extrapolation to absolute expo- 
sure ages is uncertain because the ob- 
served track densities may have been 
influenced by an earlier presolar irradia- 
tion interval. Even greater uncertainty 
arises from our lack of knowledge of the 
low-energy solar flare flux (in the range 
0.2 to 2 MeV per atomic mass unit), 
which produces tracks in micron-sized 
particles exposed to space. Measure- 
ments of this flux averaged over 2.6 
years were made on Surveyor glass and 
over a longer time by examination of 
lunar crystals that are believed to have 
been exposed with only minor dust 
shielding (9). It is possible that an even 
better measurement of the solar flare 
energy spectrum (averaged over the life- 
time of IDP's) may be obtained from 
future studies on micrometeorites that 
contain tracks in olivine and pyroxene 
grains. 

Nuclear tracks also provide a very 
accurate upper temperature limit for the 
heating of micrometeorites during atmo- 
spheric entry. Pulse heating experiments 
(8) have shown that tracks in olivine and 
pyroxene anneal rapidly between 500" 
and 600°C, and therefore particles U2- 
20Bll and U2-20B37 cannot have been 
heated to these temperatures. However, 

since tracks were identified in only two 
of the five particles studied, it is appar- 
ent that some micrometeorites have suf- 
fered heating above this temperature. In 
the future, it will be imperative to inves- 
tigate the presence of tracks in IDP's 
prior to discussing particle chemistry 
and mineralogy, especially low-tempera- 
ture mineralogy. The observation of 
tracks of course confirms, on an individ- 
ual particle basis, the extraterrestrial na- 
ture of the particles in which they are 
found and supports the noble-gas evi- 
dence (3) that these objects have been 
exposed as small particles in the inner 
solar system. 

In addition to confirming the existence 
of solar flare tracks for the first time, the 
observations described here provide 
data on tracks in more than one grain 
from the same micrometeorite. If irradia- 
tion of some grains occurred prior to 
accretion into micrometeorites (16), it 
might show up as differences in track 
densities between grains. A potentially 
important use of variable track densities 
would be distinguishing between solar 
nebula and presolar interstellar grains 
within the same micrometeorite. The 
ability to detect tracks also makes it 
possible to measure the distribution of 
lifetimes of particles orbiting the sun, 
which is important for evaluating the 
effects of light pressure drag and colli- 
sion (I)  in the solar system. In a broader 
context, the ability to measure grain life- 
times in our solar system provides a 
means of testing grain survival models, 
which may be useful for interpreting the 
newly discovered (17) and apparently 
common dust rings around other nearby 
stars. 
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Aldehyde Pheromones in Lepidoptera: Evidence for an 
Acetate Ester Precursor in Choristoneura fumiferana 

Abstract. Labeling studies of the eastern spruce budworm in vivo indicate that 
trans-1 1-tetradecenyl acetate is synthesized specijically in the pheromone-producing 
gland a n d  is degraded in concert with pheromone release; hence it may be a 
precursor to the trans-11-tetradecenal pheromone. Radioactivity from exogenously 
added labeled fatty acids did not appear  to be directly incorporated into the ester, 
suggesting that de novo biosynthesis from acetate is the major route of ester 
biosynthesis. Conversion of the acetate ester to alcohol and  aldehyde functional 
groups may be the principal method of regulating pheromone specijicity between 
species of Choristoneura. 

Most lepidopteran sex attractants are 
characterized by a long, monounsaturat- 
ed carbon chain and an oxygen-contain- 
ing functional group that can be an alde- 
hyde, an alcohol, o r  an acetate ester of 
the alcohol. Although a mechanism in- 
volving A" desaturation and chain short- 
ening was recently proposed to explain 
biosynthesis of monounsaturated acyl 
chains (I),  little attention has been fo- 
cused on the functional groups. 

In the genus Choristoneura (order 
Lepidoptera, family Tortricidae), phero- 
mones from different species appear to  

be distinguished principally by different 
functional groups, as the pheromones all 
contain A"-I4 carbon chains (2). The 
pheromone of C. occidentalis, for exam- 
ple, is a mixture of roughly equal 
amounts of aldehyde, alcohol, and ace- 
tate ester (3),  whereas in C. fumiferana 
the pheromone is 99 percent aldehyde (4) 
and the alcohol and acetate esters are 
inhibitory to  the attraction of male in- 
sects (5). The presence of 1 l-tetradecen- 
1-01 acetate (TDA) in the gland of C. 

fumiferana first suggested a precursor 
role for the acetate ester (4). Although 

Table 1. Incorporation of radioactively labeled fatty acids into TDA. Each labeled fatty acid, 
dissolved in dimethyl sulfoxide, was topically applied to the glands of groups of female insects 4 
to 6 days old (8). At least two groups of 15 to 20 insects each were used per treatment, and 
approximately the same amount of material was applied to each gland. Incorporation was 
measured by scintillation counting of TDA cut from the silica gel after visualization of the 
radiolabeled lipids by autoradiography. All incubation periods were 2 hours long. 

Specific activity Amount applied Incorporation Precursor (mCiImmol) (nanomoles per insect) into TDA (percent) 

[l-'4C]acetate 56 0.8 0.23 t 0.01 
[3H]acetate 2800 0.7 0.15 t 0.03 
[l-'4C]laurate 36 0.8 0.38 .t 0.03 
[l-'4C]myristate 3 1 1.7 0.39 t 0.09 
[l-'4C]palmitate 56 0.5 0.30 + 0.01 
[9, 10-3H]myristate 3 1 1.6 0.08 + 0.04 

the subsequent identification of phero- 
mone gland enzymes capable of produc- 
ing the aldehyde pheromone (ratio of 
trans- to cis-11-tetradecenal, 96 to 4) 
from TDA (6) support this hypothesis, a 
precursor role of TDA has not yet been 
clearly demonstrated in the spruce bud- 
worm. 

We report here that TDA in C. fumi- 
ferana is specifically synthesized de 
novo only in the pheromone gland. Dur- 
ing the period of pheromone release (7) 
there was a large decrease in the amount 
of radioactivity associated with labeled 
TDA, suggesting that this lipid is a pre- 
cursor of the pheromone. Storage of the 
aldehyde pheromone as  a less-reactive 
precursor is an attractive hypothesis, 
since it allows the biosynthetic steps that 
require large expenditures of energy to 
occur continuously and not simply dur- 
ing the period of pheromone production. 
The hypothesis also raises the possibility 
that a similar metabolic relation exists 
between the aldehyde, alcohol, and ace- 
tate ester pheromones of other lepidop- 
teran species (2). 

Figure 1A (lanes 2 to 5) shows the time 
course of incorporation of radioactivity 
from [l-14C]acetate into lipids by the 
pheromone-producing gland in vivo. In 
these experiments, -1 nmol of the la- 
beled acetate in dimethyl sulfoxide 
(DMSO) was topically applied to  the 
gland or another body component of the 
living insect (8). The tissue was subse- 
quently extracted with hexane and ana- 
lyzed by thin-layer chromatography 
(TLC) on silica gel. After a 2-hour label- 
ing period (lane 4), a substantial amount 
of radioactivity comigrated with an unla- 
beled TDA standard. Radioactivity was 
not incorporated into this lipid when 
labeled acetate was topically applied to 
the abdomen or  other body parts, even if 
a large excess of the sample was ana- 
lyzed, whereas all other lipids were still 
synthesized (lane 1 in Fig. 1A). 

To  confirm the chemical identity of the 
gland-specific lipid as TDA, we extract- 
ed the labeled lipid from the silica gel and 
subjected it to further analysis. The ester 
nature of the functional group is indicat- 
ed by the finding that the long-chain 
saponification product (9) comigrated 
with TDA (Fig. 1B). Between 75 and 80 
percent of the radioactivity was recov- 
ered as the fatty alcohol, indicating that 
synthesis of the alcohol was occurring de 
novo in the gland and that the radioactiv- 
ity was not incorporated simply by acet- 
ylation of preexisting fatty alcohol. 

The lipid migrated in a reversed-phase 
TLC system with a TDA standard (Fig. 
lC) ,  confirming that the chain length was 
consistent with an acetate ester of a 
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