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Abstract

Trace element abundance determinations were performed using synchrotron x-ray
fluorescence on nine particles collected from the stratosphere and classified as "cos-
mic". Improvements to the synchrotron x-ray fluorescence microprobe at the National
Synchrotron Light Source allowed the detection of all elements between Cr and Mo,
with the exception of Co and As, in our largest particle (W702?-C5; 30 /im). The
minor and trace element abundance patterns of three Ni-depleted particles were re-
markably similar to those of extraterrestrial igneous rocks. Fe/Ni and Fe/Mn ratios
suggest that one of these may be of lunar origin. All nine particles exhibited an en-
richment in Br, ranging from 1.3 to 38 times the CI concentration. Br concentrations
were uncorrelatsd with particle size, as would be expected for a surface correlated
component acquired from the stratosphere.



1 Introduction

Micrometeorites which are sufficiently small (<100 pm) that they can survive atmo-
spheric entry without melting are of great importance in studying the nature of the
interplanetary dust cloud and primitive bodies, such aa comets. After deceleration
in the upper atmosphere, these particles descend into the stratosphere where they
are concentrated because of their low settling rates. NASA aircraft collect samples
of the stratospheric dust, which are mixtures of cosmic dust, natural terrestrial dust,
and man-made debris. The Cosmic Dust Curatorial Facility, NASA Johnson Space
Center (JSC), curates the collection (Zolensky, et al. 1984).

One subset of the stratospheric dust exhibits major element abundances similar
to those of the rhondritic meteorites (Brownlee, et al., 1977). Extensive studies on
particles selected from this chondritic subset have shown the presence of solar flare
tracks (Bradley et al., 1984), solar wind implanted noble gases (Rajan et al., 1977;
Hudson et al., 1981), and non-terrestrial isotopic ratios (Esat et al., 1979; Zinner et
al., 1983), all indicative of an extraterrestrial origin. These observations have led to
the working assumption that all particles with a "chondritic" major element chemistry
are extraterrestrial, and most research has concentrated on stratospheric dust of the
chondritic type.

The determination of chemicai compositions is of fundamental interest in un-
derstanding the histories of the particles and their relationships with conventional
meteorites. Major elements are identified qualitatively using electron beam energy
dispersive x-ray (EDX) analysis and these results together with morphological char-
acteristics are used by JSC to classify individual particles. We have focused our
attention on the particles classified as cosmic, or "C-type", in the JSC catalogs which
are so classified based on the presence of Mg, Si and Fe in major proportions and
minor contents of Al, Ca, S, and/or Ni. The bremsstrahlung background and short
analysis times limit the JSC analyses to the identification of elements present at the
percent level or higher.

Several techniques have been employed to measure minor and trace element con-
tents. Proton-induced x-ray emission (PIXE) reduces bremsstrahlung interference,
permitting analyses of some elements down to the 10 ppm level (van der Stap et al.,
1986). However, severe heating can occur during analysis causing volatilization of
elements such as Cl, Se and Br (Wallenwein et al., 1989). Instrumental neutron acti-
vation analysis (INAA) allows analyses for elements uniquely suited for this technique
(e.g Ir, Au, Co, Sc) but many elements are detect'.ble in only large particles (>100



We have been developing synchrotron x-ray fluorescence techniques for this pur-
pose. One of the main advantages is the negligible degree of heating by the syn-
chrotron radiation, several orders of magnitude less power density than for charged
particle techniques. Because of the non-destructive nature of the analytical technique,
particles are preserved for subsequent investigation by TEM, ion microprobe, infrared
transmission spectroscopy, and Raman spectroscopy. Element sensitivities below 10
ppm have been achieved for 20 fim particles.

In this paper, we report quantitative minor and trace element abundances for nine
new C-type particles using the synchrotron x-ray microprobe (XRM) at the National
Synchrotron Light Source, Brookhaven National Laboratory. Results for three ad-
ditional C-type particles have been previously reported (Sutton and Flynn, 1988).
Improvements to the XRM have increased sensitivity and decreased the required
analysis time since our first measurements. :<

2 Experimental Method

2.1 Samples

Nine C-type stratospheric particles were analyzed in the present experiment. The
particle characteristics as determined at the Cosmic Dust Curatorial Facility at JSC
are provided in Table 1. Five of these particles were selected because their JSC
EDX spectra were typical of chondritic particles: U2022-B2, U2022-G2, W 7013A11,
W7027-C5, W7013-H17. Within this group we selected particles with varying ratios of
Fe to Si. Other particles were selected because of one or more elemental enrichments
apparent in the JSC EDX spectra: U2022-C18 (high Ti), U2022-G17 (high Ca),
W7066*A4 (high Ca and Ti), and U200MS6 (high K).

In addition aluminum oxide spheres (AOS) and natural terrestrial particles (TCN)
were included in our analyses in an attempt to better understand contamination
acquired during stratospheric residence, collection, curation and analysis.

To minimize contamination from handling, each particle provided by JSC was
transferred directly from its JSC glass slide shipping container to an individual 7.5
micrometer thick Kapton foil upon which it was analyzed. No attempt was made
to remove the silicone oil in which the particles were shipped since previous control
experiments demonstrated that interferences from elements in the oil and Kapton



were negligible for all elements analyzed except Zn (Sutton and Flynn, 1988).
The two AOS particles provided by D. Brownlee had been mounted on a carbon

film suspended on a Be TEM grid and were analyzed in this configuration.

2.2 Apparatus
The x-ray microprobe (XRM) at the National Synchrotron Light Source, Brookhaven
National Laboratory, uses synchrotron radiation as the excitation source for x-ray
fluorescence analyses of trace elements with high spatial resolution. A tungsten,
double-pinhole collimator (courtesy of A. Krieger) was used to produce an x-ray
beam 40x18 micrometers in size. The beam could be reduced in size down to about
15x15 micrometers by rotating the collimator thereby adjusting its apparent aperture.
A Klinger translation and rotation stage allowed 1 micrometer specimen movements.
Samples were analyzed in air with a Si(Li) energy dispersive detector at 90 degrees
to the incident beam. A 170 micrometer Al filter was used on the detector for Fe-
rich particles to suppress the intense Fe K fluorescence. A major improvement was
the incorporation oi a Nikon Optiphot petrographic microscope with transmitted
and reflected light capabilities which allowed easy positioning of the 10 micrometer
particles in the synchrotron beam. In addition, the XRM has now been installed
on beamline X26A, a recently completed beamline whose experimental area is twice
as close to the source as that of the previous beamline used (X26C). The resulting
increase in flux improved elemental sensitivities by about a factor of 2. Acquisition
times were typically 20-30 minutes.

Analytical procedures were similar to those used previously for stratospheric par-
ticles (Sutton and Flynn, 1988). X-ray spectra were reduced using STRIP and SP-
CALC. Elemental concentrations for "cosmic" particles were calculated using the
NRLXRF routine modified to perform standard-less analyses (Lu et al., 1989) based
on the known concentration of the major element Fe determined from JSC EDX spec-
tra. Concentrations for the terrestrial particles used the chondritic particle spectra
as standards with corrections for mass and major element composition obtained from
the prediction mode of NRLXRF.

The elemental contents for the nine C-type particles are reported in Table 2. The
enhanced sensitivity has allowed us, for the first time, to determine the concentrations
of Rb, Sr, Y, Zr, Nb, and Mo in a cosmic dust particle. All elements between Cr and
Mo (Z = 24 to 42) except Co, and As were detected in the largest particle, W7027-C5
(figure 1).



3 Results

3.1 Chondritic Particles
Cl-normalized abundances for four of the chondritic particles are shown in figure 2.
All detected elements were within a factor of 2 of CI concentrations in W7027-C5.
with the exceptions of Br (4.2 x CI), Sr (2.2 x CI), Y (2.7x CI), Nb (27 x CI) and
Mo (6.7 x CI). Two of the other three particles which were selected because of the
generally chondritic pattern of their major elements in the JSC spectrum, W7013-
Al l and U2022-G2, exhibited chondritic minor and trace element abundances. Only
Se (2.7 x CI) and Br (15 x CI) deviated by more than a factor of two from CI in
W7013-A11. In U2022-G2 all detected elements except Br (8.5 x CI) and Cu (0.44 x
CI)were within a factor of two of CI. W7013-H17, which is high in S, showed small
enrichments in Zn, Ga, and Se. However the last of the generally chondritic particles,
U2022-B2, showed substantial depletions in Ni, Cu, Zn, Ga, and Ge, all ranging from
.08 to .2 of their CI abundances, and is discussed in more detail below.

The particles which were selected because one or more major elements were sub-
stantially different from CI showed even more unusual minor and trace element pat-
terns. U2022-C18, which is high in Ti, also exhibited Cu and Br enrichments, 3 and
9 times CI respectively, and Zn and Se depletions, of .2 and .28 times CI. The high
Ca particle, U2022-G17, showed major enrichments of Mn, Cu, Zn and Br, by factors
of 4.6, 6.1, 3.3, and 38.

3.2 Nickel-depleted Cosmic Particles
Three particles, U2022-B2, U2001-B6 and W7066*A4, exhibited substantial Ni de-
pletions with Cl-normalized abundances of 0.08, .02, and 0.006, respectively. Since
Ni is a major element (1.1% in CI) these large depletions are particularly significant.

Brownlee et al. (1980) have previously reported that one of 57 chondritic cosmic
dust particles analyzed by EDX had a substantial Ni depletion (0.1 tiroes CI). In
contrast, three of the 12 cosmic particles measured by us are Ni-depleted. The dis-
crepancy in the apparent abundance of such particles between these two studies may
at least in part be due to the fact that we were purposely selecting unusual samples.

The Fe/Ni ratios of the three Ni-depleted particles, U2022-B2, U2001-B6, and
W7066*A4, are 240, 960, and 350, respectively, and quite distinct from the CI value
of 17. U2022-B2 appeared to be a "typical" chondritic particle based on the JSC



spectrum, while W7066* A4 exhibited high Ca and Ti in its JSC spectrum, and U2001-
B6 was categorized as "C?" because of its high K.

4 Discussion

Those particles which are generally chondritic in their major elements exhibit minor
and trace element patterns similar to CI. However, even in this group, substantial
deviations from CI are usually seen for Br and one or more other elements. Those
particles which show deviations from CI in one or more major elements have minor
and trace element patterns which deviate even more significantly from CI.

One interpretation of the nickel-depleted particles is that they are terrestrial de-
spite their major element chondritic compositions. On the other hand, each particle
may be extraterrestrial in which case there are two obvious explanations for its nickel
depletion:

1. The particle derives from a chondritic parent body and the observed discrepant
composition represents a statistical artifact due to the small particle size, or

2. The particle derives from on a non-chondritic parent body.

Expected statistical fluctuations in Fe/Ni due to heterogeneities depends on the
specific mineral phases in which these elements are concentrated. Interestingly, no
meteoritic components have yet been found which exhibit the small grain sizes of the
cosmic dust particles. However, an analysis of twelve, 30 /tin fragments of Orgueil
(CI) matrix revealed only one fragment (S-rich) which deviated by more than a factor
of 3 from the CI Fe/Ni ratio (Flynn et al., 1978). The relatively large grain size of the
Orgueil matrix suggests that large statistical fluctuations would occur less frequently
in cosmic dust.

Clearly, extraterrestrial material can have non-chondritic Fe/Ni ratios. For exam-
ple, Golenetskii et al. (1978) have inferred the composition of the object responsible
for the Tunguska event of 1908 by subtraction of bulk peat composition from that
of the peat layer enriched in Tunguska material. They obtain an Fe/Ni = 163 for
the Tunguska object. Ganapathy (1983) has analyzed submillimeter-sized metallic
spheres associated with the Tunguska event and found that 5 of 8 exhibited Fe/Ni
well above CI, the highest with Fe/Ni = 2110. The compositions of meteors have
also been derived by analysis of the spectral emission lines (Harvey, 1973). He. found
Fe/Ni in these meteors, a sporadic, a Taurid, and a Geminid, to be consistent with
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CI. However Ni was not detected in the spectrum of a Pers<-id (associated with Comet
Swift-Tuttle) meteor, suggesting a higher Fe/Ni ratio than on the other three cases.

Most of the chondritic stony spheres ( 300 (im or larger) recovered from the deep
sea, presumed to be melt products produced on atmospheric entry of extraterrestrial
material, are depleted in Ni and Cr (Brownlee, 1985). Sutton et al. (1988) find a
coupled loss of Ni, Cu and Zn in the deep sea spheres. In the case of the chondritic
spheres, the Ni depletion is explained by atmospheric entry heating resulting in iner-
tial separation of a Ni depleted stony phase from a Ni rich metallic phase (Brownlee,
1985). One of our Ni depleted particles, U2022-B2, exhibits a Cr enrichment (1.9 x
CI), but depletions in Cu and Zn. The second, U2001-B6, shows normal CI Cu, but
substantial depletions in Cr and Zn. The third, W7066*A4, shows depleted Cr but
enriched Cu and Zn.

The more likely possibility is that these particles are samples of a differentiated
parent, i.e., the Earth, Moon, eucrite parent body (EPB), etc., since igneous differen-
tiation leads to Fe-Ni fractionation. Thus, the Fe/Ni ratio of an unknown sample has
frequently been used to identify primitive, unequilibrated extraterrestrial material.
Six of the C-type particles reported in this paper as well as the three particles we
previously analyzed have Fe/Ni ratios ranging from 10.3 to 27.7, consistent with the
CI value of 17. The high Fe to Ni abundance ratios (Fe/Ni = 240, 960, and 350)
in the three anomalous particles, therefore, indicate that these samples may have
experienced igneous fractionation.

A comparison of the abundance patterns of the particles with those of terrestrial
basalt and the lunar meteorite ALHA-81005 reveals remarkable similarities (figure 3).
For all samples, the abundance patterns are characterized by lithophile enrichments
and siderophile depletions relative to CI. Volatile elements are notably different, how-
ever, generally enriched in the particles relative to evolved materials.

The abundance pattern for W7066*A4, a Ca and Ti rich particle, most closely
matches that of terrestrial basalt but its Fe/Ni and Fe/Mn ratios (350 and 90, respec-
tively) are closer to typical lunar values. Thus, the composition of W7066*A4 is most
consistent with a lunar composition which contains a greater KREEP component
than ALHA-81005. The pattern for U2001-B6, the potassium-rich particle, is also
close to terrestrial basalts and its Fe/Ni and Fe/Mn ratios (960 and 67, respectively)
are near the terrestrial basalt values of 900 and 50. The high-K content is also con-
sistent with a terrestrial origin. The pattern for U2022-B2, a nickel-depleted particle
with a typical chondritic major element EDX spectrum, is more nearly chondritic in
trace elements than the other two Ni-depleted particles showing mainly anomalies in



minor and trace siderophiles. Its Fe, Mn, and Ni contents suggest this particle may
be an achondrite.

TEM analyses to search for solar flare tracks and to determine mineralogy will
be required to confirm the preliminary identifications of these interesting particles.
Several complications in the interpretation should be noted. First, volatile elements,
including S observed in the JSC spectrum of each of these thrte particles, are enriched
relative to suggested source materials. Second, W7066*A4 contains 900 ppm of Pb.
Some form of stratospheric or collection contamination seems required to explain the
high contents of these volatile elements. If lunar particles are eventually identified
conclusively in the cosmic dust collection, their study will advance our understanding
of lunar geochemistry in much the same way as the lunar meteorites have.

This entire group of C-type particles continued the previously observed trend (van
der Stap, 1986; Sutton and Flynn, 1988) that Br is enriched above CI in chondritic
cosmic dust. This enrichment ranged from 1.3 x CI in W7013-H17 to 38 x CI in
U2022-G17. This is consistent with the range of Br enrichments previously observed.
The particle most enriched in Br also shows the largest enrichments in the volatile
elements Cu and Zn, by factors of 6.1 and 3.3 over CI respectively. W7013-H17, with
only 1.3 x CI Br, has lesser enrichments in Cu and Zn, by factors of 1.6 and 2.8 respec-
tively. However, there is not a strong correlation of Cu and Zn enrichment with Br
enrichment, since the Cu and Zn depleted particles, U2022-B2 and U2022-G2, exhibit
Br enrichments of 2.0 and 8.5 times CI. We have previously discussed the circum-
stantial evidence bearing on the question of Br contamination during stratospheric
residence (Sutton and Flynn, 1988).

The light halogens are present in trace quantities in the earth's stratosphere: CI
= 2 x 10"' gm/gm and Br = 5 x 10"" gm/gm (Cicerone, 1981). If the Br it a
stratospheric contaminant, we might expect a correlation of the mass of Br with
particle area. This would lead to a Br abundance which is correlated with particle
surface to volume ratio, i.e., inversely correlated with dimension. We have tested
for such a correlation by plotting the Br enrichment factor versus particle dimension
(Figure 4). No obvious correlation of Br concentration with particle dimension exists.
In fact the second largest particle thus far examined, U2022-G1, has one of the largest
Br concentrations reported, and one of the smallest particles, W7013-H17, shows the
smallest Br concentration. The observed Br concentrations are not, then , suggestive
of a stratospheric origin for the Br.

However, Mackinnon and Mogk (1985) have provided direct evidence that AOS
particles contain a near surface enrichment of S and CI, presumably from stratospheric
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contamination. Thus, we cannot rule out the possibility the observed Br includes a
stratospheric contribution. To assess the magnitude of the stratospheric contribution
to the Br in chondritic particles, we have performed trace element measurements on
TCN and AOS particles also collected from the stratosphere.

No Br was detectable in either of two AOS particles supplied to us by D. Brownlee.
The upper limit on the Br content is 1 ppm. If the Br on the chondritic particles is a
stratospheric contaminant, either it must be added more efficiently to the chondritic
than the AOS particles, or it must be more efficiently removed from the AOS particles
during curation. The difference is surface texture of the AOS and chondritic particles
might allow for this possibility.

We also analyzed three particles classified as TCN: W7013-A1, W7013-B2, and
W7013-B11. The first two are alumino-silicates while the third gave comparable levels
of Na, Si, S, and K in the JSC spectra. The Br contents of W7013-A1 are W7013-B2
particles were 10 ppm and 50 ppm respectively, comparable to the levels seen in all
but the most Br rich of the chondritic particles. However, no Br was detected in the
third particle, with a sensitivity of 10 ppm for Br.

We have previously reported on two other TCN particles, W7027-D2 and U2022-
C14 (Sutton and Flynn, 1988). One of these, W7027-D2, exhibited a substantial Br
enrichment (420 ppm) while the second showed no Br signal (<30 ppm). However,
W7027-D2 exhibits a near chondritic Fe/Ni = 17, possibly suggestive of extraterres-
trial origin (see discussion in Sutton and Flynn, 1988).

Volcanic eruptions are known to be a significant source for terrestrial material in
the earth's stratosphere. Korta et al. (1983) report 100 ppm Br concentrations in
volcanic ash from the El Chichon volcano. Thus, TCN particles of volcanic origin
might be expected to exhibit Br concentrations of the magnitude we have measured.

Fegley and Lewis (1979) have performed extensive thermodynamic calculations on
the formation of compounds of volatile elements, including Br, in a condensing solar
nebula. In their homogeneous accretion model Br was the last element of those studied
(Na, K, F, Cl, Br and P) to begin condensation, forming bromapatite: Ca5(PO4)3Br
at about 350 K. This low Br condensation temperature might suggest incomplete
Br condensation in certain regions of the nebula, giving rise to a Br rich gas phase.
Thus, widely varying Br abundances might be expected for materials condensing at
different times or locations in the nebula.



5 Conclusions
Those cosmic dust particles whose major element abundances were consistent with
the CI abundance exhibited minor and trace element abundances generally within
a factor of 2 of the CI values. The three particles which were selected for analysis
because one or more of the major elements differed substantially from the CI values
(Ti, Ca, or K visible in their JSC EDX spectra) were Ni-depleted, and exhibited
minor and trace element abundance patterns which were remarkably similar to igneous
rocks. Fe/Ni and Fe/Mn ratios suggest that U2001-B6 is terrestrial, W7066*A4 is
lunar and U2022-B2 is achondritic, but additional mineralogic study is needed to
confirm these identifications. Br, enriched in all the cosmic dust particles by factors
ranging from 1.3 to 38, was uncorrelated with particle size, as would be expected for
a surface-correlated component acquired from the stratosphere. No Br was detected
in two aluminum oxide spheres, also collected from the stratosphere, but was found
in natural terrestrial particles from the JSC collectors in concentrations similar to
those in the cosmic particles.

6 Acknowledgements

We are grateful to Keith W. Jones, head of the Atomic and Applied Physics Division,
Department of Applied Science, Brookhaven National Laboratory, who is responsible
for development and operation of the SXRF facility and to the staff of the National
Synchrotron Light Source for providing beam time for this research. Mark Rivers
(Univ. of Chicago/BNL) provided invaluable technical assistance. We thank the
Cosmic Dust Curatorial Facility (JSC) and especially M. Zolensky (JSC) for kindly
supplying samples for these measurements. This work was supported by the National
Science Foundation (Grant No. EAR-8313683) and the National Aeronautics and
Space Administration (Grant Nos. NAG 9-106 and NAG 9-257). The Brookhaven
facilities are also supported by the U. S. Department of Energy, Division of Materials
Sciences and Division f Chemical Sciences (Contract No. DE-ACO2-76CH00016).

7 References
Bradley, J. P., Brownlee, D. E., and Fraundorf, P. (1984). Discovery of nuclear tracks
in interplanetary dust. Science, 226, p. 1432.

10



Browniee, D. E. (1975). Cosmic Dust, Ann. Rev. Earth Planet. Sci. 1985, 13,
147- 173.

Browniee, D. E., Pilachowski, L., Olszewski, E. and Hodge, P. W. (1980). Analysis
of Interplanetary Dust Collections, in Solid Particles in the Solar System (ed., Halliday
and B. A. Mclntosh), IAU Symposium 90, Reidel, pp. 333-342.

Browniee, D. E., Tomandl, D. A., and Olsewski, E., (1977). Interplanetary dust;
a new source of extraterrestrial material for laboratory studies. Proc. Lunar Sci.
Conf. 8th, pp. 149-160.

Cicerone, R. J. (1981). Rev. Geophys. Space Phys., 19, 123-139.
Esat, T. M., Browniee, D. E., Papanastassiou, D. A. and Wasserburg, G. J. (1979)

. he Mg Composition of Interplanetary Dust Particles, Science, 206, 190-192.
Fegley, B. Jr., and Lewis, J. S. (1979). volatile Element Chemistry in the Solar

Nebula: Na, K, F, Cl, Br and P, Icarus, 41, 439-455.
Flynn, G. J., Fraundorf, P., Shirck, J., and Walker, R. M. (1978). The chemical

and structural study of "Brownlee" particles, Proc. Lunar and Planet. Sci. Conf. th,
pp. 1187-1208.

Ganapathy, R. (1981). The Tunguska explosion of 1908: Discovery of meteoritic
debris near the explosion site and at the South Pole. Science, 220, 1158-1161.

Golenetskii, S. P., Stepanok, V. V., Kolesnikov, E. M., and Murashov, D. A.
(1978). The question about the chemical composition and nature of the Tunguska
cosmic body. Solar System Research, 11, No. 3, pp. 103-113.

Harvey, G. A. (1973). Spectral Analysis of Four Meteors in Evolutionary and
Physical Properties of Meteoroids, NASA SP-319, p. 103-129.

Hudson, B., Flynn, G. J., Hohenberg, C. M., and Shirck, J. (1981). Noble Gases
in Stratospheric Dust Particles: Confirmation of Extraterrestrial Origin, Science, 211,
p. 383-386.

Kotra, J. P., Finnegan, D. L., Zoller, W. H., Hart, M. A., and Moyers, J. L. (1983).
El chichon: Composition of Plume Gases and Particles, Science, 222, 1018-1021.

Krauskopf, K. B. (1979). Introduction to Geochemistry, McGraw-Hill, Inc., 617
pp.

Lu, F.-Q., Smith, J. V., Sutton, S. R., Rivers, M. L., and Davis, A. M. (1989).
Synchrotron X-ray Fluorescence Analysis of Rock-forming Minerals. I. Comparison
with other Techniques. II. White-beam Energy Dispersive Procedure for Feldspars.
Chemical Geology 75, no. 1-2, 123-143.

Mackinnon, I. D. R. and Mogk, D. W. (1986). TITLE, Geophys. Res. Lett, 12,
No. 2, 93-96.

11



Mackinnon, I. D. R., and Rietmeijer (1984). Bismuth in interplanetary dust,
Nature, 311, 135-138.

Rajan, R.S., Brownlee, D. E., Tomandl, D., Hodge, P. W., Farrar, H. N., and
Bitten, R. A. (1977). Detection of 4He in stratospheric particles gives evidence of
extraterrestrial origin. Nature, 267, pp. 133-134.

Sutton, S. R., and Flynn, G. J. (1988). Stratospheric particles: Synchrotron x-ray
fluorescence determination of trace element contents, Proc. Lunar Planet. Sci. Conf.
18th, pp. 607-614.

Sutton, S. R., Herzog, G., and Hewins, R. (1988). Chemical Fractionation Trends
in Deep Sea Spheres, Meteoritics, 23, 304.

van der Stap, C. C. A. EL, Vis, R. D., and Verheul, H. (1986). Interplanetary
dust: Arguments in favour of a late stage nebular origin (abstract). In Lunar and
Planetary Science XVII, pp. 1013-1014. Lunar and Planetary Institute, Houston.

Verkouteren, R. M., Dennison, J. E., and Lipschutz, M. E. (1985). Siderophile,
Lithophile, and mobile trace elements in lunar meteorite Allan Hills 81005. Geophys.
Res. Letts. 10, 821-824.

Wallenwein, R., Antz, Ch., Jessberger, E. K., and Traxel, K. (1987). Proton mi-
croprobe analyses of interplanetary dust particles, in Interplanetary Matter (cd. Z.
Ceplecha and P. Pecina), Publications of the Astronomical Institute of the Czechoslo-
vakia Academy of Sciences, Publication No. 67, p. 245-252.

Wallenwein, R., Antz, Ch., Jessberger, E. K., Buttewitz, A., Knochel, A., Traxel,
K., and Bavdaz, M. (1989). Multielement analyses of interplanetary dust with PIXES
and SYXFA (abstract). In Lunar and Planetary Science XX, pp. 1172-1173. Lunar
and Planetary Institute, Houston.

Warren, P. and G. Kallemeyn (1986). Geochemistry of Lunar Meteorite Y-791197.
Proc. Tenth Symp. on Ant. Met., 3-16.

Zinner, E. K., McKeegan, K. D., and Walker, R. M. (1983). Laboratory measure-
ments of D/H ratios in interplanetary dust. Nature, 305, 119-121.

Zolensky, M. E., Mackinnon, I. D. R., and McKay, D. A. (1984). Towards a
complete inventory of stratospheric dust with implications for their classification (ab-
stract). In Lunar and Planetary Science XV, pp. 963-964. Lunar and Planetary In
stitute, Houston.

12



8 Figure Captions

Figure 1: Synchrotron x-ray fluorescence spectrum of W7027-C5, a 30 micrometer
chondritic particle, with a 30 minute acquisition time. All elements from Cr to Mo
except Co and As were detected in this particle. Intensities for energies less than
9 keV are plotted logarithmic while those above 9 keV are linear. Kr fluorescence
derives from air along the beam path. The Fe Ka escape peak is labelled "esc".

Figure 2: CI normalized abundances for four chondritic particles. Most elements
are within a factor of 2 of CI abundances. Enriched elements include Mn, Cu, Zn, Br
andNb.

Figure 3: CI normalized abundance patterns for the three Ni-depleted parti-
cles, terrestrial basalt (Krauskopf, 1979), and lunar meteorite ALEA-81005 (Warren
and Kallemeyn, 1986, except for Se, Verkouteren et al., 1983). The horizontal line
represents the composition of CI carbonaceous chondrites.

Figure 4: Br enrichment versus the particle dimension for the chondritic particles
reported in this paper and the three previously reported in Sutton and Flynn (1988).
An inverse correlation would be expected if the excess Br were a result of stratospheric
contamination.
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Table 1: Particle Description

Particle

W7027-C5
U2022-G17
W7013-H17
W7013-A11
U2022-G2
U2022-B2
U2022-C18
W7066*A4
U2001-B6
W7013-A1
W7013-B1
W7013-B11
AOS 87-B1
AOS 87-B2

Size
(/tin)

30
12
12
20
15
15
12
7
25
20
25
20
10
10 :

Class*

C
C

c
c
c
c
c
c
c?
TCN
TCN
TCN
AOS
AOS

EDX Peaks •*

Mg,Al1Si,S,Ca,Cr,Fe,Ni
Mg,Al,Si,S,Ca,Fe,Ni
Mg,Al,Si,S,Ca,Cr,Fe,Ni,Cu+
Mg)Al,Si:S,Cr,Fe,Ni,Cu+
Mg,Al,Si,S,Ca,Fe,Ni
Mg,Al,Si,S,Ca,Cr,Fe
Mg,Al,Si,S,Ti,Fe
Mg,Al,Si,S,Ca,Ti,Fe
Mg,Al,Si,S,K,Ca,Fe
Al,Si,K,Ca,Fe,Cu+
Al,Si,S,K,Ca,Ti,Fe,Cu+
Na,Mg,Al)Si,S,K,Ca,Cu+
• • *

* iISC Classes: C = cosmic dust; AOS = aluminum oxide sphere; TCN = natural
terrestrial; ? indicates uncertainty in the JSC classification.

** X-ray peaks in JSC EDX spectrum; most intense peak(s) in boldface.
*** Supplied by D. Brownlee, no EDX spectrum available.
+ Cu in some JSC spectra is an artifact of the analysis technique.



Table 2: Elemental Contents and Cl-normalized Abundances

Particle Cr Mn Fe+ Ni Cu Zn G* Ge Se Br Rb Sr
% % % % ppm ppm ppm ppm ppm ppm ppm ppm

W7027C5 A* .24 .18 18.5 1.8 125 361 8.0 25 22 17 4 17
A/CI* .89 .91 1.0 1.6 1.1 1.2 .80 .78 1.2 4.2 1.7 2.2

U2022G17 A .16 .89 21.0 1.0 686 1010 nd nd nd 153 nd nd
A/CI .59 4.6 1.1 .92 6.1 3.3 - - 38

W7013H17 A .30 .31 15.5 .75 179 875 28 46 40 5 nd nd
A/CI 1.1 1.6 .84 .68 1.6 2.8 2.8 1.4 2.2 1.3 -

W7013A11 A .21 .19 10 .71 161 342 18 53 45 60 nd nd
A/CI .79 .95 .54 .64 1.4 1.1 1.8 1.7 2 15 -

U2022B2 A .51 .46 19.5 .081 2 29 2. 3. nd 8 3 7
A/CI 1.9 2.3 1.1 .079 .02 .09 .20 .09 - 2.0 1.3 .89

U2022C18 A .0002 .24 37 1.6 333 64 nd 24 5 36 nd 7
A/CI .001 1.2 2.0 1.5 3.0 .21 - .75 .28 9.0 - .89

U2022G2 A nd .19 13 1.01 49 166 nd 18 10 34 nd 9
A/CI - .95 .70 .92 .44 .54 - .56 .56 8.5 - 1.1

U2001B6 A .02 .10 6.7 .007 96 100 15 nd 3 90 14 28
A/CI .11 .58 .36 .006 .93 .36 .17 - .22 23 6.5 3.6

W7066*A4 A .06 .09 8.5 .024 240 500 nd nd nd 43 16 600
A/CI .22 .46 .46 .02 2.1 1.7 - - - 11 7.4 77

Additional concentrations (Cl-normalized abundance in parentheses):
W7027C5: Y=4 ppm (2.7), Zr=4 ppm (1.1), Nb=8 ppm (27), Mo=6 ppm (6.7);
U2001B6: Zr = 30 ppm (8); W7066*A4: Zr = 45 ppm (12).
+ Fe abundance is determined from JSC EDX spectrum as described in Sutton and Flynn, 1988.
* A = elemental concentration; A/CI = elemental abundance/CI abundance
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Bromine Content versus Particle Size
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