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Abstract—We report on studies of the concentrations of cosmogenic nuclides in the magnetic fraction
of cosmic dust particles recovered from the South Pole Water Well (SPWW) and from Greenland. Our
results confirm that cosmic dust material from these locations contains measurable amounts of
cosmogenic nuclides. The Antarctic particles (and possibly those from Greenland as well) also contain
minor amounts of solar Ne. Concentrations of cosmogenic nuclides are consistent with irradiation of
this material as small objects in space, with exposure ages similar to the expected Poynting-Robertson
(P-R) lifetimes of 50-200 kyr for particles 25-100 pum in size.

INTRODUCTION

Material from space of all size ranges impacts the Earth
and accretes at the rate of approximately 30,000 tons/yr, a
number estimated from the impact rate on the Long-Duration
Exposure Facility (LDEF) (Love and Brownlee 1993).
Smaller cosmic dust particles are expected to spiral in toward
the sun due to Poynting-Robertson drag caused by photons
(Burns et al. 1979; Liou et al. 1995), as well as the further
effect of solar-wind drag (Burns et al. 1979; Liou et al. 1995).
Upon entry into the terrestrial atmosphere, incoming cosmic
material is heated to at least 600 K (grains of ~6 um radius)
and to an average of about 1200 K (Flynn 2001), depending
on the particle size. Spalling of smaller material from larger
objects can also be expected to contribute to the flux at the
Earth’s surface (Brownlee 2001; Lal and Jull 2002). Xue et al.
(1997) estimated from fractionation studies that perhaps 80%
of the original spalled material might be lost due to heating
during entry. In addition, Taylor et al. (1998) estimated a 90%
loss of original material using a direct measurement of
particles arriving on Earth, but this measurement was from
only one location and time period. Hence, the purpose of this
paper is to investigate whether we gain new information on
the sources of cosmic dust using cosmogenic nuclides.
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In isotopic studies, Merrihue (1964) was the first to note
that excess *He in marine sediments could be attributed to the
infall of cosmic debris. Rajan et al. (1977) began studies that
provided evidence of cosmogenic noble gas isotopes in
cosmic dust. This result was confirmed by Hudson et al.
(1980) and demonstrated independently by Ozima et al.
(1984). Olinger et al. (1990) established that implanted solar
wind and cosmogenic and solar noble gases could be
identified in material separated from Greenland ice samples.
Later work was carried out by Farley and Patterson (1995),
Marcantonio et al. (1995), and Farley et al. (1997), and
summarized by Winckler et al. (2004). Detailed studies of
individual cosmic dust particles began with the recovery of
magnetic cosmic spherules from the ocean floor (Bradley and
Brownlee 1982) and later of interplanctary dust particles
(IDPs) by high-altitude aircraft (Brownlee 1985). Nier and
Schlutter (1990, 1993), Kehm et al. (1998, 2002, 2006), and
Pepin et al. (1999, 2000, 2001) have all reported on
cosmogenic and solar gases in IDPs.

The conventional definition is that IDPs are particles
collected in the atmosphere, and cosmic dust is material that
actually makes it to the Earth’s surface. There is a limited
amount of information on cosmogenic radionuclides in
cosmic dust. Previously, Raisbeck et al. (1983, 1985),
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Fig. 1. Separation scheme for magnetite-rich cosmic dust material
from Antarctic ice from the South Pole Water Well (SPWW) (Taylor
et al. 1998) and Greenland blue lake sediment (GR) (Maurette et al.
1990). Note that the strongly magnetic fractions were divided into
two fractions. The samples with the suffix SM were used for the wet-
chemical extractions of #C, 19Be, 26Al, and 3°Cl; the numbered
fractions were used for the dry combustions.

Raisbeck and Yiou (1989), and Nishiizumi et al. (1991)
carried out 2°Al and '°Be studies on large cosmic spherules
recovered from deep-sea sediments. Nishiizumi et al. (1991)
also studied four particles from the Greenland ice cap;
Nishiizumi et al. (1995, 2007) discussed “Be and 2°Al in
individual cosmic spherules recovered from Antarctic ice.
There have also been many other studies on cosmic dust in
polar ice and marine sediments, but few focused on the
cosmogenic nuclides, let alone radionuclides. Brook et al.
(2000) studied the accretion of interplanetary dust in polar ice
using 3He. Furthermore, Farley and Patterson (1995) and
Farley et al. (1997) looked at long-term changes of the in-fall
rate of cosmic dust in the geologic past using *He in ancient
oceanic sediments. Similarly to the work of Farley et al.
(1997), Lal and Jull (2002) indirectly noted the presence of
cosmic dust through observations of high levels of '“C in one
sample of 2 kg of Greenland ice melted as part of a program
designed to study in-situ-produced cosmogenic '“C in the ice.
They calculated that cosmic dust material of 0.02 g could
explain this result.

PURPOSE

The purpose of this paper is to demonstrate that a fraction
of the particles recovered in polar regions from the South Pole
Water Well (SPWW) and from Greenland are extraterrestrial.
We present the first preliminary studies of the concentrations
of cosmogenic radionuclides (as opposed to stable nuclides)
in 0.1-1 g amounts of the magnetic phase of dust particles
recovered from polar regions, which could consist of a
mixture of terrestrial and extraterrestrial material. We also
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report He and Ne data on aliquots of these samples. We will
first show that at least part of the material from both locations
is extraterrestrial. We then review the combined data and
discuss whether the extraterrestrial material was mainly
delivered by direct infall of cosmic dust or as fragments
spalled from larger objects, as suggested by Lal and Jull
(2002).

EXPERIMENTS
Sample Selection

We obtained samples of micrometeorite debris from the
SPWW, described in detail by Taylor et al. (1998, 2000, 2005,
2007). Taylor et al. (2000) estimated micrometeorite influx
rates from cosmic spherules in SPWW and estimated an
accretion rate of 1100 £ 200 tons/yr for particles in the 50—
300 um size range. The samples studied here come from ice
estimated to date from approximately 1100-1500 A.D.
(Taylor et al. 2000). There is possible contamination in the
samples from iron oxide from a failed pump, as well as by
some copper and plastic. The samples from Greenland (GR)
were collected from blue lakes by Maurette et al. (1987,
1990). The GR samples were rich in Fe and Si, whereas the
samples from the SPWW were rich in Fe and Ni, suggesting
an extraterrestrial component in SPWW material.

We initially processed the samples using a simple
magnetic separation, removing what material could be
collected with a hand magnet at a distance of ~10 mm (Fig. 1).
The material recovered was studied by scanning electron
microscopy (SEM), which showed the angular nature of the
grains (Fig. 2). We analyzed the chemical compositions and
isotopic concentrations of the strongly magnetic fractions of
the two samples. Figure 3 shows the elemental compositions
of the etched solutions used in the wet dissolution of Lal et al.
(1995), as discussed above.

Sample Extractions

14Q

For “C, we performed two different kinds of
extractions. The first was a dry combustion of the sample in
oxygen gas at <200, 200—400, 400-550, and 550-800 °C,
followed by fusing the sample with Fe chips in an alumina
crucible that had an oxygen atmosphere at T > 800 °C.
Heating the >800 °C extractions was achieved using a
radio-frequency (RF) induction furnace, similar to that
described by Jull et al. (1998). The results of the high-
temperature combustions are shown in Table 1. Below
400 °C, '4C is released, which we identify as terrestrial
organic material and contamination, as shown by Jull et al.
(1998). Dry combustion releases cosmogenic '“C in 400-
550, 550-800, and >800 °C fractions (Jull et al. 1998).
According to this approach, all these fractions thus contain
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Fig. 2. Scanning electron microscope photographs of the material recovered from the strongly magnetic (SM) fractions shown in Fig. 1.
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Fig. 3. Major-element analyses of solutions (in wt%) recovered from HF- and HF-HNOs-leaching of strongly magnetic (SM) grains recovered
from Antarctic ice melted at the SPWW and Greenland blue lake sediment (GR). Two separate analyses (1 and 2) are shown for each fraction.

extraterrestrial '*C; the 400-550 °C fraction might contain a
mixture of terrestrial and extraterrestrial #C. The second
approach used a wet chemical extraction method (Lal et al.
1995) with two sequential extraction steps using HF and
HNO;. Results of the wet chemical extraction are shown in
Table 2.

34He and 20.21.22Ne

Noble gas measurements were performed at the ETH
Zirich. Gases were extracted by a continuous-wave Nd-YAG
infrared laser (Vogel et al. 2003). The loose grains of each
sample were put into holes in the sample holder and covered
with glass to prevent possible loss of grains during heating.
No preheating prior to noble gas analyses was performed. To
extract the noble gases, the samples were heated until all of
the grains had assembled into a single molten sphere.
Reheating these spheres proved there was complete noble gas
extraction in the main extraction. Mass spectrometric
analyses of He and Ne and data reduction were performed as
described by Vogel et al. (2003 and references therein).

Other Nuclides: 1Be, 2°Al, and 3¢Cl

Extractions for the radionuclides '“Be, 26Al, and 3°Cl
were performed by HF- and HNOs-dissolution of the cosmic
dust grains, followed by the appropriate wet chemistry for
these nuclides (Lal et al. 1995). Measurements of the
radionuclides were made by accelerator mass spectrometry at
the University of Arizona (Jull and Burr 2006), the Lawrence
Livermore National Laboratory, and the Scottish Universities
Environmental Research Centre (Maden et al. 2006).

RESULTS AND DISCUSSION

As noted in the Experiments section, we concentrated the
samples of SPWW and GR using a magnetic concentration
method, as shown in Fig. 1. To characterize the material, we
first obtained SEM photographs (Fig. 2), then obtained the
elemental composition (Fig. 3) of the etched solutions used in
the wet dissolution technique of Lal et al. (1995), as discussed
above. It is clear from Fig. 3 that sample SPWW consists
mainly of Fe-Ni oxides. Although it is conceivable that



1834

Table 1. Combustions in oxygen at different temperatures for material recovered from the South Pole Water Well (SPWW)
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and Greenland (GR).

Temperature Sample weight C C 14C l4c

(°O) (g) (mg) (%) 3¢ (dpm/kg) o
J683KA SPWW <200 0.1417 0.14 0.10% -29.80 9.89 0.49
J683LA SPWW 200400 0.1417 2.78 1.96% -25.80 107.05 0.95
J683MA SPWW 400-550 0.1417 0.061 0.04% -22.90 3.58 0.52
J683HA SPWW 550-800 0.1417 1.711 1.21% -8.10 5.89 0.67
R3087R SPWW >800 0.1417 0.138 0.10% -23.50 1.95 0.49
J684K GR <200 0.4071 0.557 0.14% —-17.90 20.47 0.22
J684L GR 200-400 0.4071 4.03 0.99% (-25) 152.42 0.74
J684M GR 400-550 0.4071 1.554 0.38% (-25) 54.22 0.33
J684H GR 550-800 0.4071 0.8 0.20% —25.60 27.42 0.28
R3089R GR >800 0.3569 0.566 0.16% —22.66 16.17 0.22
J685K GR, mag? <200 0.0501 0.071 0.14% 2.40 19.13 1.39
J685L GR, mag 200-400 0.0501 0.871 1.74% -20.80 254.48 1.82
J685M GR, mag 400-550 0.0501 0.051 0.10% Sample not measured
J685H GR, mag 550-800 0.0501 0.0152 0.03% -20.40 2.38 1.41
R3088R GR, mag >800 0.0396 0.054 0.14% (-25) 5.76 1.75

aMag = highly magnetic fraction; see Fig. 1.

Table 2. 14C and 1°Be from acid etching of magnetic
fractions of cosmic dust.

14C IOBe

(dpm/kg) (dpm/kg)  'C/'°Be
South Pole Water Well
1st leach: HF 6.07+0.07 0.23+0.03 26.4
2nd leach: HF-HNO; 6.53+0.22 1.11£0.05 5.88
Total 12.60+0.23  1.34+0.06 9.4
Greenland
1st leach: HF 62.9+0.6 0.13+0.06 484
2nd leach: HF-HNO; 37+0.5 0.01+0.01 370
Total 66.6 0.8 0.14+0.06 476

oxidized fragments of stainless steel are one source of Ni in
the SPWW material, the high Ni concentrations in these
samples are very suggestive of an extraterrestrial component.
In contrast to the Antarctic sample, the GR sample is very
poor in Ni. We will discuss the radionuclide and noble gas
data in the following sections.

Radionuclide Studies

In order to understand the results from the studies of the
SPWW and GR materials, it is first necessary to consider the
expected production rates for the radionuclides in these
materials. We consider the production rates of 19Be, '4C, 20Al,
and 3°Cl in Fe metal, Fe,03, and Fe;0,, using the published
results of Leya et al. (2000), who considered production rates
in artificial irradiations of iron metal, and also Albrecht et al.
(2000), who studied the production rates in the iron of
mesosiderites. Furthermore, we discuss new calculations
made by one of us (K. Kim) for small Fe,O; and Fe;0y4
objects <1 cm in size by using MCNPX computer code. These
production rates are given in Table 3.

South Pole Water Well Material

We first consider the SPWW sample. The total !4C
released at temperatures greater than 400 °C was 11.4 +
1.0 dpm/kg, which is in good agreement with the value of
12.6 £ 0.2 dpm/kg obtained from the combined wet
extractions (Table 2). A maximum is observed in the 550—
800 °C fraction, indicating good separation of the
cosmogenic signal from any low-temperature organic
contamination. The 1°Be, 26A1, and 3°Cl data from these same
dissolution experiments are shown in Table 4. As noted, the
adopted production rate ratios listed in Table 3 are derived
from galactic cosmic ray (GCR) production rates for small
dust particles estimated by various authors. Important to note
is that for iron oxides, the mean measured ratio of 9.4 for
14C/19Be is much higher than the production rate ratio of
0.84-0.85 for GCR, whereas the 26Al/19Be ratio of 0.35 is
close to the expected production ratio of about 0.31-0.33, and
the 3¢Cl/19Be ratio of 2.1 is somewhat higher than the
expected production ratio of 1.4—1.5. This inconsistent
picture can be explained by the presence of some “C from
terrestrial contamination. The 26A1/19Be ratio is evidence for
GCR production for these nuclides. We do not have a good
explanation for the enhanced 3°Cl, except perhaps that our
modeling of the material as Fe oxides is inadequate. One
could postulate a short exposure age, except that this would
be inconsistent with the 2°Al/!%Be.

Greenland Material

The Greenland sample (GR) contained much higher “C
activity in low-temperature fractions than the SPWW sample,
suggesting contamination from surficial terrestrial organic
material. The results show high 4C (97.8 dpm/kg for the total
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Table 3. Estimated production rates of cosmogenic nuclides in cosmic dust.

Production rate (cc STP/g.y)

In Fe metal In Fe,04 In silicates
3He 1.3x10714 1.5x 10714 1.5 x 10714
2INe 3.0x 10716 2.0 x 10716 15 x 10716
Production rate (dpm/kg)
In Fe metal In Fezo3 In F6203 In Fezo3 In Fe304
Radius 10-25 cm 10-25 cm <l cm ~10-20 cm? <l cm
(Leya et al. 2000) (Leya et al. 2000) (This work) (Albrechtetal. 2000)  (This work)
14C 43 14 9.4 30 9
10Be 5.7 11.2 11 15 10.7
20A] 4.8 33 34 5.6 3.5
36C1 23 16 15.5 17 16.1
aEstimated from the measured contents of mesosiderites; estimated sizes of radius = 10-20 cm.
Table 4. Specific activities of radionuclides derived from acid-etching.
10Be 140 26A] 36C]
Cosmic dust samples (dpm/kg) (dpm/kg) (dpm/kg) (dpm/kg)
SPWW 1.34 +0.06 12.6 £0.2 0.47 +0.04 2.89+£0.20
Ratio P/Pyq? 1.00 9.4 0.35 2.16
GR 0.14 £ 0.06 66.6 0.8 0.86 £ 0.08 Not measured
Ratio P/Py, 1.00 50.8 6.14
Production rate ratios in small particles®
Fe;0, 10.7 9.0 3.5 16.1
Ratio P/Pyq 1.00 0.84 0.33 1.50
Fe,0; 11 9.4 34 15.5
Ratio P/Py, 1.00 0.85 0.31 1.41
SiO, 14.84 13.98 44.09 0.00
Ratio P/P;, 1.00 0.94 2.97 0.00

2P = production rate of radionuclide; P, = production rate of 1°Be.
®From Table 3.

of all fractions >400 °C). The wet chemical results show in
very high “C (66.6 + 0.80dpm/kg). Both of these results
suggest terrestrial contamination of the #C signal. The 1°Be
(0.14 £ 0.06 dpm/kg) and 2°Al (0.86 = 0.08 dpm/kg) shows
less 19Be but more 26Al than the SPWW sample. The 2°Al/
10Be ratio of 6.1 + 2.6 is higher than the expected production
ratio of 0.31-0.33 in iron oxides and also than the expected
ratio of ~3 in silicates from GCR irradiation. The value of ~3
is also expected from eolian dust, which could be otherwise
considered as a source of these low levels of 2°Al and '°Be.
Hence, we suggest this is also evidence of a small
extraterrestrial component, but the very small signals and
large errors mean this interpretation is not as strong as in the
case of SPWW.

He and Ne Isotopic Abundances

The results from He and Ne analysis of the SPWW and
GR samples are given in Table 5. In Fig. 4, we show a plot
of the Ne isotopic data. The 2'Ne/>’Ne ratios of both
SPWW samples clearly fall between the terrestrial (air) and
the solar wind (SW) composition. Similarly, essentially all

He in SPWW samples appears to be solar in origin, as
indicated by 3He/*He ratios that are much higher than the
atmospheric value of 1.4 x 107° and are close to that of
~2.2 x 10 for the component formerly known as “SEP,”
but now identified to be isotopically fractionated solar wind
(Grimberg et al. 2006). The trapped noble gases therefore
indicate that the Antarctic sample contains at least some
extraterrestrial grains that were irradiated by solar wind.
However, the amounts of solar 2°Ne are orders of magnitude
lower than in solar-gas-rich micrometeorites (Olinger et al.
1990). No cosmogenic 3He or 2!Ne are discernible in the
SPWW samples, though this may well be because
cosmogenic contributions are swamped by the solar He and
Ne. However, no meaningful cosmic-ray exposure age can
be given for the SPWW samples.

The case for solar noble gas contribution in the Greenland
sample is less clear. One aliquot shows a trapped 2'Ne/?*Ne
ratio higher than the atmospheric ratio by slightly more than
its 2o uncertainty (Fig. 4), but the second sample has trapped
Ne with a 20Ne/??Ne ratio very close to atmospheric. The
3He/*He ratios of both aliquots are also much lower than the
solar range, indicating there is also no discernible contribution
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Table 5. Noble gas data.
‘He 20Ne

Sample Mass (cm3 STP/g) (cm3STP/g) 3He/*He  Error 20Ne/22Ne  Error  2INe/?Ne  Error “He/*'Ne
SPWW a 149 mg 1.99E-07 2.94E-09 2.78E-04 2.69E-05 11.93 0.62 3.35E-02  8.29E-03 68
SPWW b 090mg 1.14E-06 7.30E-08 2.67E-04 9.22E-06 11.53 0.10 3.13E-02  1.07E-03 16
GR a 1.37mg  7.61E-05 3.07E-09 1.55E-06 1.76E-07 11.70 0.72 4.63E-02  5.88E-03 24,800
GR b 3.89mg 7.44E-05 5.76E-09 1.74E-07 1.71E-07  9.82 0.11 4.17E-02  3.55E-03 12,900
Solar wind ~4.5E-4 13.8 0.10 3.28E-2 5.0E-4 650

Subsamples a and b are aliquots. Sample masses given in mg; gas concentrations in cm> STP/g. Uncertainties of gas concentrations are on the order of 5%.
Stated errors (1o) of isotopic ratios include measurement statistics and mass discrimination uncertainties. Solar wind composition (Wieler 2002) given as

reference.
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Fig. 4. Ne isotopic results for the strongly magnetic (SM) grains
recovered from Antarctic ice melted at the SPWW and from GR blue
lake sediments. Two separate sets of measurements on the same
material, labeled “a” and “b,” are shown.

of solar He. Nevertheless, the Ne data show that the GR
samples also contain some extraterrestrial material. Both
samples show excesses of Z2/Ne above atmospheric
composition, and the measured 3He can likely also
quantitatively be attributed to a cosmogenic origin
(alternatively, if the 3He were a remnant of solar wind
implanted He, this would also prove there is an extraterrestrial
contribution of material to GR). In the next paragraph, we
attempt to estimate cosmic-ray exposure ages of the GR
sample.

Note first that the possibility that the observed
cosmogenic 2!Ne and 3He in GR has been produced on the
Earth’s surface can be discarded. Although production rates
are difficult to evaluate quantitatively, no values for terrestrial
production of 3He and 2!Ne on Fe have been determined
experimentally, and the altitude- and shielding-history of the
particles in the Greenland ice are ill-constrained. However,
exposure ages on the Greenland ice cap would have to be on
the order of millions of years at zero shielding, which is
clearly inconsistent with the age of the ice at the sampling
location (Maurette et al. 1987). It is also hardly conceivable
that the cosmogenic noble gases in the GR sample are largely
inherited from a previous exposure stage at some other

location, as this would also require extremely long pre-
exposure durations at the low altitudes of potential source
regions of aeolian dust.

To estimate exposure ages in space, let us first assume
that 100% of the material of sample GR (including the
roughly 40% silicate, Fig. 3) is extraterrestrial and that all
measured 3He in this sample is cosmogenic. The resulting
nominal *He exposure ages of the two aliquots of this sample
are then ~8000 and ~900 years, respectively. If the silicate
portion is terrestrial, these values would increase by about
~20-60%; if part of the 3He is noncosmogenic, they would
decrease correspondingly. In any case, the calculated 3He
exposure ages of GR are very low.

To estimate a 2!Ne exposure age of GR samples is
somewhat more complicated due to the ~40% silicate
contribution, since 2!Ne production rates from Mg, Al, and Si
are much higher than from Fe. The 2'Ne production rate for
“silicates” given in Table 3 is the value estimated from Leya
et al. (2000) for a Mg:Al:Si ratio, as shown in Fig. 3. If the
silicate fraction is assumed to be extraterrestrial and to
contain the large part of the cosmogenic Ne, the 2!Ne
exposure age is about 4300 years for GR a and 15,700 years
for GR b. On the other hand, if the silicates are assumed to be
terrestrial, the 2!Ne_,, concentrations of the Fe,O5 fraction,
and thus the 2'Ne exposure ages, become almost identical for
both GR aliquots at about 55,000 years.

Nominal 3He ages are thus considerably lower than the
2INe ages. This suggests loss of cosmogenic He and perhaps
also Ne from the GR sample. The noble-gas exposure ages
derived for this sample are thus lower limits only, both
because of a likely substantial terrestrial contamination and
noble-gas loss. If cosmogenic noble gases were lost from
grain volumes, it is even more likely that the Greenland
sample also lost surface-sited solar noble gases. Noble-gas
loss may thus well explain an absence of solar gases in this
sample. Loss of solar noble gases probably also occurred for
the SPWW samples, as shown by their “He/2°Ne ratios (67
and 16, respectively), which are much lower than the
4He/*Ne ratio in the solar wind of ~600. Loss of noble gases
from micrometeorites or IDPs has been observed previously
(e.g., Nier and Schlutter 1990, 1993); such losses are
expected based on heating models and the loss of other
volatiles (Flynn 1989, 1995, 2001; Flynn and Sutton 1992).
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Some Boundary Conditions for SPWW

We consider two possible explanations for the
concentrations of radionuclides and noble gases observed in
sample SPWW.

In the first approach, we assume that all grains were
small IDPs in space and all the material in the analyzed
SPWW samples is extraterrestrial. The solar noble gases may
suggest that at least some grains were indeed exposed in space
as IDPs. In the second approach, we estimate that at least 42%
of the sample material is extraterrestrial, by simply comparing
the measured amount of '“C with an expected upper limit of
30 dpm/kg for a meteoroid with a radius of 10 cm (Wieler
et al. 1996). Lower “C production rate estimates would give
larger extraterrestrial fractions. In this case, the solar noble
gases would be from regolith breccias irradiated by solar wind
on their parent bodies. We adopt production rates obtained
from new calculations using MCNPX computer code
calculations, as described by Kim and Reedy (2004). The
calculations for Fe,05 and Fe;0, for small particles are given
in Table 4. Our adopted values can be compared with model
predictions by Albrecht et al. (2000) and Leya et al. (2000).

The ages calculated using these production rates are
given in Table 6. The results for the SPWW sample suggest
that the assumption that most of the material is cosmic dust
can explain the observed values. The estimated exposure ages
based on the three longer-lived nuclides are in agreement with
Poynting-Robertson (P-R) lifetimes (Liou et al. 1995). We
calculated the P-R lifetimes using the simplified equation for
a circular orbit derived by Robertson (see McCracken and
Alexander 1968):

tpr = TX10%ps(a” — 1)

where p is the density of the particle (g/cm?), s is the radius of
the particle in p, and a is the distance in astronomical units.
This results in the following lifetimes for particles of density
~3.0 to go from 3 AU to 1 AU: 25 p = 46,700 yr; 50 p =
93,300 yr; and 100 p = 187,000 yr. These lifetimes can be
compared favorably to the exposure times estimated in
Table 6. Admittedly, the results for different nuclides are not
all in good agreement, but this calculation is made to
demonstrate the feasibility of this explanation. As noted
above, estimates for sample GR based on cosmogenic noble
gases are mostly lower than both SPWW radionuclide
exposure ages and P-R lifetimes, which can be explained by
noble-gas losses and sample dilution with terrestrial material.

Spalling From Large Objects?

Finally, we consider the assumption that the material
could be spalled off larger objects (e.g., Lal and Jull 2002). In
this case, the production rates of 1°Be, 2°Al, and 3°Cl could be
higher than those given in Table 3 (Leya et al. 2000; Wieler
et al. 1996). For example, Nishiizumi et al. (2007) have
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Table 6. Estimated exposure times in space for cosmic dust
from the SPWW, based on different nuclides and
assumptions.

Pmodel '"Be  20A] 36Cl1
SPWW samples
Degree of undersaturation
100% cosmic dust A 0.089 0.08 0.17
L 0.12 0.14 0.18
M 0.12 0.13 0.18
42% cosmic dust A 0.21 0.20 0.41
L 0.29 0.33 0.43
M 0.29 0.32 0.43
100%:
Effective years of irradiation  (A) 174ka 70ka 72ka
in space
@) 238ka 138ka 77ka
™M) 238ka 127ka 76ka
42%:
Effective years of irradiation (A) 440 ka 204ka 201 ka
in space
@) 639ka 364ka 217ka
™M) 639ka 351ka 217ka
GR samples
Degree of undersaturation
100% cosmic dust A 0.009 0.15
L 0.012  0.26
M 0.013  0.245
Effective years of irradiation  (A) 19ka 161ka
in space
@) 25ka 309 ka
™M) 28ka 288ka

A = Albrecht et al. 2000; L = Leya 2000; M = MCNPX.

reported on 19Be analyses of much larger individual silicate-
rich micrometeorites (~10 upg) from Tokkuti Point,
Antarctica. These samples gave values for °Be ranging from
~6 to ~20 dpm/kg, indicating that the 1°Be signal can be close
to the saturated activity in a larger object and that spalled
material can also be present in this size range.

It is not possible, in our opinion, to reconcile the
observed values shown in our paper with spalled material,
unless the samples are very diluted with terrestrial material
to a much greater extent than suggested in this paper.
However, it is clear that future work should focus on the
analysis of single grains or groups of grains from the
SPWW.

CONCLUSIONS

This preliminary study gives us confidence that we can
apply more precise separations and selection of different
types of particles (Taylor et al. 2007) to future samples of
cosmic dust recovered from locations such as Greenland and
Antarctic ice.

With the data at hand, we can make the following
observations:
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1. Significant quantities of cosmic dust occur in the
magnetic phases of SPWW and GR samples, as shown
by the extraterrestrial cosmogenic nuclide component.
The extraterrestrial component dominates the SPWW
and must be the explanation for most of the cosmogenic
nuclide signal observed in GR.

2. The Fe-Ni content and the radionuclide content of the
SPWW sample, when taken together, strongly indicate
an extraterrestrial component.

3. GR samples contain a large amount of terrestrial “C
contamination, but also contain cosmogenic noble gases
and radionuclides of extraterrestrial origin. It is unclear
whether solar noble gases have been preserved in this
sample.

4. The noble gas results suggest the following:

(1) Magnetic phases partly contain very small
amounts of solar He and Ne, indicating that some
fraction of the grains has probably been irradiated as
small particles in space.

(i) The particles have lost solar as well as
cosmogenic He and Ne, probably not exclusively during
atmospheric entry. Evidence for heating (e.g., Taylor
et al. 2005; Flynn 1989, 1995, 2001) might also support
this hypothesis.

Since our radionuclide results appear consistent with P-R
lifetimes, we favor the conclusion that the data are consistent
with the magnetic particles having been released in space
from the break-up of meter-sized or larger meteoroids in
space ~2—4 x 103 years ago and intercepted by the Earth. It
appears that the history of these magnetic particles analyzed
by us are analogues of the IDPs that are sampled in the
stratosphere, except that the magnetite grains may have had
longer exposure in space.
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