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Abstract–The He, Ne, and Ar compositions of 32 individual interplanetary dust particles (IDPs) were
measured using low-blank laser probe gas extraction. These measurements reveal definitive evidence
of space exposure. The Ne and Ar isotopic compositions in the IDPs are primarily a mixture between
solar wind (SW) and an isotopically heavier component dubbed “fractionated solar” (FS), which
could be implantation-fractionated solar wind or a distinct component of the solar corpuscular
radiation previously identified as solar energetic particles (SEP). Space exposure ages based on the Ar
content of individual IDPs are estimated for a subset of the grains that appear to have escaped
significant volatile losses during atmosphere entry. Although model-dependent, most of the particles
in this subset have ages that are roughly consistent with origin in the asteroid belt. A short
(<1000 years) space exposure age is inferred for one particle, which is suggestive of cometary origin.
Among the subset of grains that show some evidence for relatively high atmospheric entry heating,
two possess elevated 21Ne/22Ne ratios generated by extended exposure to solar and galactic cosmic
rays. The inferred cosmic ray exposure ages of these particles exceeds 107 years, which tends to rule
out origin in the asteroid belt. A favorable possibility is that these 21Ne-rich IDPs previously resided
on a relatively stable regolith of an Edgeworth-Kuiper belt or Oort cloud body and were introduced
into the inner solar system by cometary activity. These results demonstrate the utility of noble gas
measurements in constraining models for the origins of interplanetary dust particles.

INTRODUCTION

The Earth accretes ~4 × 107 kg of cosmic debris annually
(Love and Brownlee 1993). Most of this material arrives in
the form of dust, with the peak of the mass flux corresponding
to particles about 200 µm in diameter. While most dust
particles are melted or destroyed by thermal and compressive
stresses when they enter the upper atmosphere, grains with
diameters of a few tens of microns can survive entry provided
their entry speeds are not excessive. Such particles can
dissipate their kinetic energies at high altitudes where the
atmospheric density, and thus the rate of frictional heating, is
much lower than that experienced by larger objects that
produce visual meteor trails. Following deceleration, these
particles settle through the stratosphere at rates that are slow
enough that they can be collected during their descent. NASA
now routinely recovers these “interplanetary dust particles”
(IDPs) from the lower stratosphere using high altitude aircraft
(see Brownlee 1985). Captured cosmic particles are made

available for laboratory research by the Cosmic Dust
Curatorial Facility at NASA Johnson Space Center (JSC). 

The sources of IDPs are presumed to be the dust released
by comets and dust-producing collisions in the asteroid and
Edgeworth-Kuiper belts (EKB). Individual IDPs from
throughout the solar system are expected to spiral in toward
the Sun under the action of Poynting-Robertson (PR) light
drag (Wyatt and Whipple 1950), a phenomena that causes
particles to slowly lose orbital angular momentum.
Meteorites, the larger and better-studied cousins of IDPs, are
thought to be asteroid fragments delivered to Earth by
resonant orbital perturbations by the planets (Wetherill and
Chapman 1988). Orbital drift into resonant zones is either
collisionally imparted or caused by the Yarkovsky effect
(Farinella et al. 1998), which probably confines their possible
parent bodies to objects located near orbital resonances within
the asteroid belt. IDPs collected in the stratosphere, in
contrast, may sample objects from throughout the asteroid
belt and EKB, as well as comets. Identifying IDPs from
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comets, in particular, is a long-standing goal of IDP research
because, compared to the main belt asteroids, comets are
likely to have formed at colder and more remote locales in the
early solar system, implying that they retain a more pristine
sampling of matter from the solar nebula.

Among the various types of particles collected in the
stratosphere, IDPs are initially distinguished by their
chondritic (solar-like) abundances of major mineral-forming
elements. However, arguably the feature that most
distinguishes IDPs from terrestrial dust is their record of
having been exposed to the solar energetic particle stream in
interplanetary space. Rajan et al. (1977) first detected high
4He abundances in individual IDPs, which suggested that
they were exposed to solar wind (SW) irradiation. Hudson
et al. (1981) identified solar-implanted Ne and Ar in a group
of IDPs, and subsequent work by Nier and Schlutter (1990,
1992, 1993), Kehm et al. (1998, 1999, 2002), Pepin and
Schlutter (1998), Pepin et al. (1999, 2000, 2001), and Palma
et al. (2005) confirmed the presence of implanted solar He,
Ne, and Ar in individual IDPs. The discovery of solar-flare
heavy ion tracks in IDPs provides additional evidence of the
extraterrestrial origin of these particles (Bradley et al. 1984).
Furthermore, isotopic analyses of implanted He in IDPs
revealed the ubiquitous presence of an additional
extraterrestrial and presumably non-solar He component rich
in 3He (e.g., Nier and Schlutter 1993; Pepin et al. 2000).
Solar gases have also been measured in individual
micrometeorites (e.g., Olinger et al. 1990; Sarda et al. 1991;
Stuart et al. 1999; Osawa et al. 2000; Marty et al. 2002;
Osawa and Nagao 2002), which are somewhat larger dust
particles (<~1 mm) collected on the Earth’s surface. Together
these observations confirmed the cosmic origin of the
particles and suggested that IDPs and micrometeorites were
exposed to solar corpuscular radiation in space. Some
fraction of the noble gases measured in IDPs and
micrometeorites could have been acquired on the parent body
if the particle resided in the upper regolith. It is also
conceivable that IDPs inherit some of their noble gases from
precursor materials, which may have been irradiated by the
SW. It is typically assumed that the latter contributions are
minor compared to SW noble gases implanted recently,
during the particle’s transit from the parent object to the
Earth. Although this assumption has not been tested in detail,
it is known that IDPs can accumulate measured doses of SW
noble gases on relatively short time scales. For example,
Hudson et al. (1981) concluded that the Ne and Ar
concentrations observed in a set of thirteen IDPs they studied
could be accumulated during <100 years of solar wind
exposure at 1 AU. This is orders of magnitude shorter in
duration than the Poynting-Robertson (PR) lifetimes of IDP-
sized grains from the asteroid belt (see the “Discussion”
section), which may be the source of most stratospheric IDPs
(Kortenkamp and Dermott 1998).

The measured abundances of recently implanted and

spallation-produced noble gases should depend at least partly
on parameters such as the exposure duration, the radiative
flux to which IDPs are exposed, and the exposure geometry. It
has been proposed that exposure information derived from
noble gas abundances could be used to infer the parent objects
of IDPs. For example, low abundances of solar noble gases in
an IDP could indicate recent ejection from a parent body such
as a passing comet (e.g., Messenger 2002), while large
abundances of spallation gases may imply long-duration
cosmic-ray exposure near the surface of a cometary body with
a relatively stable regolith such as an Oort cloud or an EKB
object (Pepin et al. 2001). 

The present work was undertaken to pursue the idea that
noble gases could be used to help identify parent objects of
IDPs. Low detection limits are required to count noble gas
atoms trapped in particles a few tens of microns in size. For
this work, a high-sensitivity noble gas mass spectrometer and
a low-blank laser gas extraction system were used to vaporize
individual IDPs and measure the compositions of He, Ne, and
Ar present in each particle. This paper represents a
continuation of the work of Kehm et al. (2002) who reported
noble gas elemental abundances and trace element
compositions in the same particles.

EXPERIMENTAL

Samples were supplied by the JSC Cosmic Dust
Curatorial Facility. Individual IDPs with chondritic major
element compositions and sizes between ~15 and ~50 µm in
diameter were selected. No “cluster IDPs” were studied. It is
assumed that the selection process was unbiased and that the
selected samples are roughly representative of the general
population of chondritic stratospheric dust particles in this
size range.

Table 1 lists the particles that were studied, including
their JSC-assigned names, external appearances, approximate
sizes, cross sections, and masses. Cross sections were
estimated based on the cross-sectional areas of particles that
were visible in SEM photomicrographs. Masses were
estimated by assuming the particles are spheres with a radius
equal to the average of the longest and shortest dimension,
and assuming a density of 2 g/cm3 (Love et al. 1994). The
assigned name contains a prefix (e.g., L2036) that identifies
the stratospheric collector “flag” on which the particle was
captured, followed by a letter-number identifier (e.g., G13)
that uniquely names each particle from a given flag. In the
final column the “heating index” is listed. This parameter
comes from the work of Kehm et al. (2002), who showed that
IDPs with depressed Zn/Fe ratios relative to CI meteorite
values are generally depleted in 4He compared to other IDPs.
This was interpreted as evidence that the Zn- and He-poor
IDPs experienced relatively severe heating during
atmospheric entry. For the purposes of establishing the
heating index, “low Zn” particles are arbitrarily defined as
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those with Zn/Fe less than one third the mean CI-chondrite
value. “Low He” particles are arbitrarily designated as those
with surface-normalized 4He abundances less than one third
the average value for the set. A heating index of 3 corresponds
to particles with low Zn and low He. A heating index of 2
identifies particles with either low Zn or low He. A heating
index of 1 identifies particles that have neither low Zn, nor
low He. Trace element abundances for these particles were
reported by Kehm et al. (2002).

Noble gas measurements were performed using the
Washington University noble gas mass spectrometer “MS-
South.” Gases were extracted from particles by single-grain
laser vaporization (Kehm et al. 2002). After vaporization,
chemically active gases were gettered by exposing the
sample gas to a freshly deposited Ti film. Argon was
adsorbed on activated charcoal submerged in a liquid nitrogen
bath (–178 °C). Helium and Ne were then admitted into the
magnetic sector mass spectrometer and measured in static
mode. The mass spectrometer used in this work featured a

single, ion-counting detection system. Programmed
adjustments in the magnetic field permitted the intensities of
the He and Ne isotopic mass peaks, as well as masses
associated with relevant interference species to be measured
sequentially. Following this measurement, He and Ne
were pumped from the system. The activated charcoal surface
was then warmed to liberate frozen Ar. The charcoal
was then cooled again in a bath of crushed dry ice and
methanol (−81 °C) to re-adsorb any residual gases in the
system. Argon was then admitted into the mass spectrometer
and its isotopic composition measured. Calibrations of the
absolute spectrometer sensitivities were described by Kehm
et al. (2002). The calibrated sensitivities in units of atoms per
ion count per second were ~2.6 × 105 for He, ~1.7 × 105 for
Ne, and ~3.5 × 104 for Ar. Instrumental mass bias was
evaluated by repeated measurements of aliquots of air. In all
cases, uncertainties in the isotope ratios are dominated by
counting statistics compounded with uncertainties associated
with the isobaric interferences and blank corrections.

Table 1.

Particle External appearance
Size
(µm)

Cross-section
(×10−6 cm2)

Mass
(×10−9 g)a Heating indexb

L2036 H21 Compact 19 × 28 5.7 14 1
L2036 H25 Compact 37 × 55 15.9 100 2
L2036 I3 Compact, somewhat porous 18 × 21 4.4 8 1
L2036 I8 Compact, smooth, partially melted appearance 22 × 28 4.8 16 3
L2036 I14 Compact to somewhat porous, fibrous surface 22 × 30 5.2 18 2
L2036 I24 Compact aggregate 21 × 44 7.1 35 2
L2036 E26 Compact, spherical, possibly melted 9 × 11 0.8 1 3
L2036 F12 Compact, smooth 10 × 10 0.5 1 1
L2036 F24 Porous, fluffy aggregate 8 × 12 0.8 1 1
L2036 G19 Porous, highly reentrant 10 × 10 0.5 1 3
L2036 H8 Compact to somewhat porous 11 × 12 1.4 2 1
L2036 J13 Highly porous, fluffy aggregate 7 × 13 0.9 1 1
L2036 M20 Compact aggregate, possibly partially melted 9 × 11 1.2 1 3
L2021 B9 Compact, somewhat smooth to fibrous surface 24 × 43 7.9 38 2
L2036 G11 Compact, smooth, irregular shape, possibly melted 16 × 29 5.4 12 3
L2036 E15 Compact 15 × 33 3.8 14 2
L2036 G13 Compact, fibrous surface 22 × 32 5.4 20 2
L2021 B1 Somewhat compact, reentrant aggregate 33 × 37 6.1 44 1
L2036 G14 Compact to somewhat porous, aggregate 27 × 23 1.1 16 1
L2036 G2 Compact, smooth, irregular shape, possibly melted 17 × 25 4.2 9 3
L2021 D3 Compact, fibrous 24 × 31 5.3 22 2
L2009 D10 Unknown 17 × 24 3.1 9 1
L2009 L20 Unknown 18 × 25 3.5 10 2
L2036 H14 Porous, reentrant aggregate 28 × 33 7.3 30 1
L2021 C21 Porous, aggregate 26 × 33 6.6 26 1
L2036 G8 Compact, somewhat smooth, irregular shape 11 × 28 3.0 8 3
L2008 F9 Reentrant, frothy appearance 17 × 18 3.1 6 2
L2009 F32 Somewhat porous 18 × 24 3.4 10 1
L2021 B19 Compact, smooth 25 × 32 6.5 25 3
L2009 I12 Somewhat porous, irregular shape 25 × 27 3.3 18 1
L2021 C3 Reentrant, flaky surface 17 × 23 3.1 9 2
L2008 O16 Porous aggregate, possibly melted 16 × 24 3.0 8 1

aAssumes a common density of 2 g/cc.
bSee text for definition.
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Procedural blanks were assessed by targeting areas of the
sample stub which were devoid of particles. Under typical
conditions, background levels were ~6 × 107 4He atoms, ~5 ×
106 20Ne atoms, and ~3.5 × 109 40Ar atoms with isotopic
compositions indistinguishable from air. Blank corrections
for He and Ne were performed by subtracting the average
composition (air-like) of the blank from each analysis. Blank
corrections for Ar were handled differently. Blank Ar (air) is
enriched in 40Ar (40Ar/36Ar in air is ~300) produced by 40K
decay on the Earth, while Ar in meteoritic material is much
less radiogenic. For example, the CI chondrite Orgueil, which
is often viewed as a reasonable meteorite analogue for IDPs,
has 40Ar/36Ar ~ 1 (Jeffery and Anders 1970). Implanted SW
may dominate Ar in most IDPs. The 40Ar/36Ar ratio in the SW
is poorly determined, but may be as low as the inferred
primordial ratio of ~3 × 10−4 (Anders and Grevesse 1989 and
references therein). Taking advantage of this large difference
in 40Ar/36Ar ratios, blank corrections for Ar were performed
by subtracting the atmospheric component assuming all the
measured 40Ar to be atmospheric. This procedure yielded the
same corrected ratios as an average blank subtraction, but
with reduced error bars. 

IDPs are often rich in He from implanted SW (Indeed, in
this work, a few of the IDPs yielded a 4He over 103 times
larger than the background). However, even in 4He-rich
particles, 3He is difficult to measure because of its naturally
low abundance (3He/4HeSW = 4.57 × 10−4, Benkert et al. 1993)
and the intrinsically high background at mass 3 from an
isotopic variation of molecular hydrogen: HD. The H2
abundance in the spectrometer, and thus the HD signal, tends
to be variable from run to run. Correction for this interference
required monitoring the H2 abundance during the He and Ne
measurement cycle and applying a corresponding correction
to mass 3 based on an HD+/H2

+ ratio that ranged from
0.00032 to 0.00037 over the course of measurements. A few
of the He-rich IDPs possessed enough 3He that a useful 3He/
4He ratio could be determined. However, some caution is
warranted in the interpretation of these data due to the
uncertainty in the instrumental mass bias correction for He.
Atmospheric standards could not be used to assess the He
instrumental mass bias because the 3He/4He ratio in air is on
the order of 10−6. As described by Kehm et al. (2002), noble
gases from 10 to 100 mg-size fragments of olivine from the
Springwater pallasite were measured as part of the calibration
effort, partly to assess the instrumental mass bias for He.
Megrue (1968) measured a cosmic-ray-spallation-enhanced
3He/4He ratio of 0.21 in Springwater olivine. More recently,
Mathew and Begemann (1997) measured 3He/4He ratios in
crushed aliquots of olivine from Springwater. Their values are
3He/4He = 0.15 for the 20–54 micron crushed grain size and
0.14 for the <20 micron size fraction. Measurements with
MS-South yielded an HD-corrected 3He/4He ratio for the
Springwater olivines of 0.15–0.16, somewhat lower than the
Megrue (1968) value, and more consistent with the results

from Mathew and Begemann (1997). The reason for the
disparity between the recent data and the Megrue (1968) work
is unclear. Conceivably, the Megrue (1968) Springwater
olivines had somewhat different concentrations of cosmic ray
target elements (although it is difficult to imagine that this
could solely account for 3He/4He ratios differing by 25%). In
any case, the substantial agreement between our results and
those of Mathew and Begemann (1997) suggests that both
labs measured similar Springwater olivine samples, and
furthermore, that the instrumental mass bias for He in the
Saint Louis spectrometer MS-South is 10% or less.
Accordingly, no instrumental mass bias correction is applied
to the He data in Table 2. 

Each of the three Ne isotopes was measured: 20Ne, 21Ne,
and 22Ne. Masses corresponding to the relevant mass
interferences were monitored as well. These included water at
mass 18 (H2

18O interferes at mass 20), fluorine at mass 19
(HF interferes at mass 20), 40Ar (40Ar++ interferes at mass 20),
and carbon dioxide at mass 44 (CO2

++ interferes at mass 22).
Corrections were applied based on the intensity of the
interference species during the run and uncertainties in these
corrections were compounded with the other sources of error.
The average interference correction at mass 20 was
equivalent to ~6 × 10−14 ccSTP of Ne, and twice that amount
for mass 22.

Each of the three Ar isotopes was measured: 36Ar, 38Ar,
and 40Ar. Chlorine at masses 35 and 37, which corresponds to
interferences at masses 36 and 38 from HCl, were also
measured and appropriate corrections were applied to 36Ar
and 38Ar. The average interference correction at mass 36 was
equivalent to ~4 × 10−14 ccSTP of Ar, and ~1 × 10−14 ccSTP
at mass 38.

RESULTS 

The blank corrected abundance and isotope data for He,
Ne, and Ar are given in Table 2. Note that the abundance data
also appear in Kehm et al. (2002). The 20Ne abundance for
particle L2009 D10 was incorrectly printed as 5.52 × 10−12

ccSTP in Kehm et al. (2002). The correct value appears in
Table 2. Uncertainties in the gas amounts in Table 2 are 1σ
estimates of the run-to-run reproducibility. The uncertainty in
the calibrations of the gas amounts is ~10% for all three gases.
Uncertainties in the isotope ratios are 1σ and reflect counting
statistics and uncertainties in the blank and interference
corrections. 

The isotope data for Ne is plotted in Fig. 1a, which is a
traditional 3-isotope Ne diagram with 20Ne/22Ne plotted as a
function of 21Ne/22Ne. Correlated error bars appear primarily
as a result of a change in reference isotope from 20Ne to 22Ne
during data analysis. The compositions of solar wind (SW), a
lunar component previously dubbed solar energetic particle
(SEP), and atmospheric (air) Ne are also identified. These
compositions are: 20Ne/22NeSW = 13.7, 21Ne/22NeSW = 0.033
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(Geiss et al. 2004), 20Ne/22NeSEP = 11.2, 21Ne/22NeSEP = 0.030
(Benkert et al. 1993), 20Ne/22Neair = 9.8, and 21Ne/22Neair =
0.029 (Eberhardt et al. 1965). It is important to note that, until
recently, SEP noble gases observed in lunar materials were
widely assumed to represent an isotopically distinct
component of the solar corpuscular radiation (e.g., Wieler
1998). As discussed later in this paper, this interpretation has
recently been called into question (Grimberg et al. 2006). The
data are labeled in abbreviated form with the collector flag
prefix omitted to conserve space. Figure 1b is an expansion of
the data clustered on the left side of Fig. 1a. Open circles
overlap data points that have heating indices equal to 3. Data
from IDPs L2036 E15, L2009 L20, L2021 B9, and L2036
E26 are not plotted in Figs. 1a and 1b because of large
uncertainties in the Ne isotope ratios for these particles.

The Ne data exhibit a range of isotopic compositions.
Most lie between SW and the putative SEP component,
indicating space exposure. A few gas-poor IDPs have
compositions with 20Ne/22Ne lower than SEP but with large

uncertainties. Ratios of 20Ne/22Ne in two of these IDPs are
lower than the atmospheric value, which we attribute to an
experimental artifact. The Ne in these two particles was
measured using an alternate procedure that included splitting
the sample gas between MS-South and a second spectrometer
normally used for Xe analysis, “MS-North.” This was not a
fruitful exercise in part because the interference correction
factors in MS-North were not well known. Thus, the data for
these two particles are much less reliable. The two particles
with relatively large 21Ne/22Ne ratios, on the other hand, were
measured using standard procedures. In meteoritic material,
excess 21Ne is typically attributed to the presence of a
spallation component, often called “cosmogenic Ne,”
produced when galactic or solar cosmic rays (GCR or SCR)
penetrate a sample and fragment heavier nuclei into lighter
ones. Spallation reactions produce all three isotopes of Ne in
roughly equally amounts, and therefore the cosmogenic Ne
end-member composition lies approximately at the point
21Ne/22Ne = 20Ne/22Ne = 1, off scale, down and to the right in

Table 2. Noble gas data from individual IDPs.a

Particle

4He
(×10−11 ccSTP)

3He/4He
(×10−2)

20Ne
(×10−12 ccSTP)

21Ne/20Ne
(×10−3)

22Ne/20Ne
(×10−2)

36Ar
(×10−13 ccSTP) 38Ar/36Ar

L2036 H21 257 (3) 0.0374 (7) 13.9 (2) 2.7 (1) 7.97 (6) 9.1 (5) 0.192 (1)
L2036 H25 4.12 (5) – 3.66 (6) 2.7 (2) 8.24 (22) 16.2 (8) 0.187 (1)
L2036 I3 44.8 (5) 0.029 (3) 8.5 (1) 2.7 (1) 8.19 (10) 4.6 (2) 0.191 (2)
L2036 I8 0.60 (2) – 0.47 (2) 18 (2) 9.8 (13) 0.67 (7) 0.194 (12)
L2036 I14 0.77 (2) – 1.66 (4) 2.3 (5) 7.6 (4) 0.77 (7) 0.184 (10)
L2036 I24 51.9 (5) 0.026 (2) 2.12 (4) 2.5 (4) 8.0 (4) 7.4 (4) 0.187 (1)
L2036 E26 −0.02 (1) – −0.02 (5) – – −0.3 (4) –
L2036 F12 3.31(5) – 0.37 (4) 2.3 (16) 14.4 (32) 0.6 (4) –
L2036 F24 17.0 (2) 0.03 (1) 2.66 (6) 2.0 (4) 7.6 (6) 1.9 (4) 0.178 (55)
L2036 G19 0.09 (3) – 0.43 (4) 3.9 (15) 10.3 (30) 0.2 (4) –
L2036 H8 15.9 (2) 0.02 (2) 2.41 (6) 1.9 (4) 8.0 (7) 1.0 (4) 0.18 (11)
L2036 J13 11.6 (1) – 2.03 (5) 2.9 (4) 9.2 (8) 4.8 (4) 0.195 (22)
L2036 M20 0.39 (3) – 0.27 (6) – – 0.2 (4) –
L2021 B9 0.27 (4) – 0.13 (1) – – 3.8 (2) 0.184 (4)
L2036 G11 2.50 (5) – 9.0 (1) 2.6 (2) 8.3 (3) 5.8 (3) 0.191 (3)
L2036 E15 2.22 (5) – 1.02 (3) 2.6 (10) 7.5 (20) 5.1 (3) 0.182 (3)
L2036 G13 2.04 (5) – 2.90 (4) 2.7 (5) 7.9 (8) 4.8 (2) 0.187 (3)
L2021 B1 99.3 (10) 0.023 (1) 32.4 (3) 2.5 (1) 7.9 (1) 39 (2) 0.190 (1)
L2036 G14 15.9 (2) – 6.08 (8) 2.5 (3) 7.6 (4) 12.2 (6) 0.186 (2)
L2036 G2 1.12 (4) – 6.34 (8) 2.4 (2) 8.8 (4) 4.0 (2) 0.186 (3)
L2021 D3 5.49 (7) – 1.77 (2) 3.4 (6) 9.8 (13) 1.03 (6) 0.183 (11)
L2009 D10 41.4 (4) 0.017 (3) 2.52 (4) 2.9 (4) 7.5 (9) 0.95 (6) 0.194 (14)
L2009 L20 7.22 (9) – 0.59 (2) 3.2 (15) 9.6 (36) 0.23 (4) 0.135 (54)
L2036 H14 246 (2) 0.030 (1) 17.7 (2) 2.5 (1) 7.7 (1) 11.0 (6) 0.188 (2)
L2021 C21 85.4 (9) 0.023 (2) 7.00 (9) 2.4 (2) 8.0 (2) 5.1 (3) 0.190 (4)
L2036 G8 2.32 (7) – 0.62 (2) 3.3 (11) 10.3 (22) 1.31 (9) 0.202 (12)
L2008 F9 2.12 (7) – 3.43 (5) 2.7 (3) 8.1 (5) 2.9 (1) 0.191 (6)
L2009 F32 44.4 (5) 0.018 (4) 4.16 (6) 2.5 (2) 8.3 (4) 4.4 (2) 0.176 (6)
L2021 B19 4.26 (8) – 4.38 (7) 5.1 (3) 8.8 (3) 1.42 (9) 0.212 (11)
L2009 I12 123 (1) 0.021 (2) 4.34 (7) 3.2 (3) 7.7 (4) 1.19 (8) 0.193 (13)
L2021 C3 129 (1) 0.026 (1) 9.0 (1) 2.8 (2) 7.7 (2) 8.3 (4) 0.193 (2)
L2008 O16 12.4 (1) – 3.25 (6) 2.6 (4) 8.9 (6) 7.6 (4) 0.190 (3)

aUncertainties are 1σ. Negative noble gas abundances result from overcorrection for blank contributions.
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Fig. 1. The presence of cosmogenic Ne indicates prolonged
exposure to solar-/galactic-cosmic rays. Exposure age
considerations are discussed later in this paper.

Figure 2 is a one-dimensional plot that shows the Ar
isotope ratios in the IDPs (note that no values are plotted
along abscissa, and the data are plotted in arbitrary order).
The isotope ratios in this plot are renormalized to 38Ar. As in
Fig. 1, open circles overlap data points that have heating
indices of 3 (Table 1). Five particles with large uncertainties
in the 36Ar/38Ar ratio are not plotted in Fig. 2 (L2036 E26,
L2036 F12, L2036 G19, L2036 M20, and L2009 L20). The
compositions of SW and SEP Ar are shown as horizontal gray

lines in Fig. 2. Benkert et al. (1993) reported 36Ar/38ArSEP =
4.87. The composition of SW-Ar is a matter of some
disagreement. Accepted values range from 36Ar/38Ar ≈ 5.6 as
determined by stepped etching analyses of the Kapoeta
meteorite (Becker et al. 1998) to 36Ar/38Ar ≈ 5.8 as
determined by stepped heating of individual lunar ilmenite
grains (Palma et al. 2002). These are labeled 5.6 SW and
5.8 SW, respectively, in Fig. 2. 

Like the Ne data, the measured Ar isotopes are consistent
with a mixture of SW and an isotopically heavier component,
which is presumably similar to SEP Ar. Contributions from
cosmogenic Ar (36Ar/38Ar ~ 40Ar/38Ar ~ 1) cannot be

Fig. 1. Neon isotope compositions measured in individual IDPs. The compositions of solar wind (SW), solar energetic particle (SEP), and
atmospheric (air) Ne are also shown. The data are labeled in abbreviated form with the collector flag prefix omitted to conserve space. Figure
1b is an expansion of the data clustered on the left side of Fig. 1a. Open circles overlap data points that have heating indexes equal to 3 (see
text).
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distinguished from the data. Cosmogenic Ar plots off scale
below the SEP component in Fig. 2. Thus SEP and
cosmogenic Ar tend to pull the data points in the same
direction in Fig. 2. With only two isotopes available after
correction for blank Ar (air), it is not possible to quantify
contributions from three distinct components. For
cosmogenic Ne production, the available spallation targets
include Si, Mg, and Fe, which are major elements in IDPs.
Argon isotopes can also be produced from Fe spallation.
However, most of the Ar-producing target nuclei are
relatively low in abundance in IDPs. Nonetheless, a semi-
quantitative estimate of the abundance of spallation Ar can be
made for the two particles that have resolvable excesses of
spallation 21Ne (L2036 I8 and L2021 B19) by assuming a
cosmogenic production ratio for 21Ne/38Ar appropriate for
chondritic material (see Table 3). As discussed in the “Cosmic
Ray Exposure Ages” section, both IDPs may have as much as
0.2 to 0.3 × 104 atoms/ng of cosmogenic 38Ar depending on
the assumed production rate. Assuming that cosmogenic Ar
has 36Ar/38Ar ~ 1, the spallation-corrected Ar compositions

for L2036 I8 and L2021 B19 would be 36Ar/38Ar ~ 5.7 and
5.1, respectively (Fig. 2). In view of this calculation, it is
conceivable that the relatively low 36Ar/38Ar measured in
L2021 B19 could reflect the presence of spallogenic Ar in this
particle, although the large uncertainties in its composition
make this speculative. As discussed later in this paper, the
remaining IDPs have no detectable 21Ne excesses, and
presumably their Ar compositions reflect an exclusive
mixture between SW and an SEP-like component. 

DISCUSSION

Solar Gases in IDPs

The noble gases in the IDPs are dominated by
contributions from implanted SW and an isotopically heavy
component that could be SEP (solar energetic particles) (e.g.,
Wieler et al. 1986). This observation confirms the
extraterrestrial origin of these particles and shows that they
were directly exposed to solar corpuscular radiation. Both SW

Fig. 2. Argon isotope compositions measured in individual IDPs (data are plotted in arbitrary order). The composition of SEP Ar and two
plausible compositions of SW Ar are shown as horizontal gray lines (see text for discussion of SW-Ar composition). As in Fig. 1, open circles
overlap data points that have heating indexes of 3.

Table 3. Solar cosmic ray (SCR) and galactic cosmic ray (GCR) production rates.a
SCR primaries at 1 AUb

(atoms year−1 ng−1) GCR primaries at 1 AUb GCR at ~1 m depthc

3He 2.98 × 10−4 1.67 × 10−4 4.38 × 10−4

21Ne 2.46 × 10−4 1.09 × 10−5 5.96 × 10−5

38Ar 4.00 × 10−5 2.89 × 10−6 9.32 × 10−6

3He/21Ne 1.2 15 7.3
21Ne/38Ar 6 3.8 6.4

aThe first two columns correspond to irradiation on the surface by primaries. The production rates in the third column are dominated by spallation from the
secondaries.

bSCR and GCR fluxes are averaged over many solar cycles. Chondritic abundances of relevant target elements are assumed. Calculated by Reedy (1987) and
Reedy (1999).

cAssumes 4π exposure and CI chemistry. Determined by Eugster (1988).
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and the putative SEP component are abundant in lunar
materials where they have been extensively studied. 

The average composition, energy, and flux of the SW is
relatively well characterized from analyses of Al foils
exposed on the surface of the Moon during the Apollo
missions (Geiss et al. 2004), studies of gas-retentive
meteoritic Fe-Ni separates (e.g., Murer et al. 1997), and lunar
soil samples (e.g., Benkert et al. 1993; Palma et al. 2002),
satellite measurements (e.g., Bochsler et al. 1986), and more
recently by studies of collector materials from the Genesis
spacecraft (e.g., Grimberg et al. 2006; Hohenberg et al. 2006;
Meshik et al. 2006). SW ions are relatively low in energy
(~0.5–2.6 keV/amu). However, they dominate the solar
particle output (~3.0 ions/cm3 to 20 ions/cm3) (Gosling
1999). 

The existence of supra-SW ions (SEPs) has been inferred
from detailed noble gas studies of lunar soils using depth-
sensitive gas extraction techniques (see Wieler 1998 and
references therein), although its existence as a separate
component is still the subject of active research (see below).
SEPs have been inferred to have energies between SW and
the more energetic solar flare ions (<1–10 MeV) (Wieler et al.
1986). [Note: a potential source of confusion is that the
cosmic ray community uses the SEP acronym to refer to
particles with energies above ~1 MeV.] While the noble gas
composition of the putative SEPs is relatively well
characterized, many of its properties, such as flux and energy
spectrum, remain poorly constrained. In stepped etching
analyses, noble gases with a composition similar to
isotopically mass-fractionated SW are released from lunar
soils after the SW-rich surface layers have been dissolved.
This observation has been interpreted to imply that SEPs
possess higher implantation energies than SW ions (Wieler
1998). The mean SEP flux is uncertain, ranging from 1 to
4 orders of magnitude lower than the SW flux (at 1 AU); the
best estimates rely on the relative abundances of SEP and SW
measured in gas retentive lunar ilmenite grains: e.g., ΦSEP/
ΦSW ~ 0.02–0.1 (based on lunar soil studies, Wieler et al.
1986; Wieler 1998), ΦSEP/ΦSW ~ 3 × 10−4 − 3 × 10−3 (based on
He, Ne concentrations in cosmic dust; Pepin et al. 2000). SEP
fluxes derived from noble gas studies of lunar soils are orders
of magnitude higher than the mean integral flux of solar flare
ions in interplanetary space as inferred from solar flare tracks
in lunar soils (Wieler et al. 1986) and satellite instruments
(Φ10−100 MeV/ΦSW ~ 1 × 10−4 based on ISEE-3 spacecraft
measurements; Geiss and Bochsler 1991).

Preliminary Ne analyses of samples from the Genesis
spacecraft show a conspicuous absence of a distinct SEP-like
Ne component implanted beyond the SW depth in the
metallic glass collector material (Grimberg et al. 2006).
Closed system stepped etching of the metallic glass reveals a
downward trend in 20Ne/22Ne ratios with depth, although this
observation can apparently be explained by fractionation
effects during implantation and does not necessarily require

the existence of a separate, deeply sited component with an
SEP-like composition (Grimberg et al. 2006). These
observations renew uncertainties about the existence of SEP
as a component of the solar corpuscular radiation that is
distinct from the solar wind. A comprehensive review of the
evidence for the existence of SEP is well beyond the scope of
this paper; continuing research on Genesis collector materials
will undoubtedly help to clarify the situation. However, it is
important to point out that while Genesis sampled the solar
wind for variable times less than a few years, lunar grains and
presumably IDPs experience thousands of years of solar
exposure. If SEPs are an isotopically distinct component of
the solar corpuscular radiation with a flux that is variable on
time spans comparable to or exceeding the 11-year solar
cycle, their existence may be inherently difficult to detect by
spacecraft observations. 

The label “solar energetic particles” refers to a specific
and increasingly disputed origin for the isotopically heavy
noble gas component found in lunar materials and in IDPs. To
avoid confusion on this point, the remainder of this paper will
use the more general label “fractionated solar” (FS) to refer to
the isotopically heavy noble gases observed in lunar soils and
IDPs, previously interpreted as representing implanted SEP. 

Solar Exposure Ages

The measured abundances of implanted noble gases in
individual IDPs should depend, at least partly, on the amount
of time each particle spent in space. In principle this provides
a way to estimate space exposure ages. The analyses that
follow examine this problem from three different
perspectives. The first assumes that FS noble gases in IDPs
are classical SEP. The second assumes that all gases measured
in the IDPs are SW-derived and uses the SW flux to estimate
space exposure ages. The third assumes that FS noble gases
are a distinct pseudocomponent created during implantation,
and uses an estimate of the effective flux of this
pseudocomponent to determine space exposure ages.

For these calculations, it is assumed that the abundance
of FS Ar in the IDPs, rather than Ne or He, provides the best
available measure of integrated space exposure time. In lunar
materials, FS gases are observed at deeper implantation
depths than SW noble gases (e.g., Benkert et al. 1993), which
suggests that they would be more resistant to diffusive loss or
gas losses caused by surface sputtering. Moreover, compared
to Ar, the lighter noble gases are expected to be more prone to
diffusive losses. Indeed, plots of abundance data from Table 2
(see Kehm et al. 2002) illustrate that the noble gases retained
by the IDPs are elementally fractionated favoring the heavy
species (Ar), i.e., the 4He/36Ar and 20Ne/36Ar ratios in all of
the IDPs are lower than the corresponding solar ratios: [4He/
36ArIDPs]/[4He/36ArSW] ranges from 0.0003 to 0.43 and [20Ne/
36ArIDPs]/[20Ne/36ArSW] ranges from 0.008 to 0.81. The same
observation holds for lunar minerals. For example, lunar



Noble gas space exposure ages of individual IDPs 1207

ilmenite, plagioclase, and pyroxene are observed to retain
implanted solar Ar, Kr, and Xe equally well, while exhibiting
widely differing retention properties for the light noble gases
(Nichols et al. 1994; Wieler et al. 1996).

Assumption 1: Fractionated Solar (FS) Gases in IDPs are SEP
Space exposure ages of IDPs can be inferred by assuming

that FS noble gases in IDPs are implanted SEPs. Calculating
SEP exposure times requires knowledge of the SEP flux.
Under the influence of PR drag, the semi-major axes of
heliocentric IDP orbits decrease over time. Prior to Earth
capture at 1 AU, IDPs may have spent significant amounts of
time at larger heliocentric distances. However, although the
SEP flux at 1 AU has been estimated, its possible heliocentric
radial dependence is not known. A simple, geometrically
decreasing particle flux (1/R2) could be assumed if the Sun is
the primary source of accelerated atoms. This is probably not
accurate for SEPs because acceleration mechanisms exist
away from the Sun, such as interplanetary shocks (e.g.,
Simpson et al. 1986), which could be significant sources of
particles in this energy range. Herein the simplifying
assumption is made that the SEP flux remains constant and
equal to its value at 1 AU with increasing heliocentric
distance. 

Figure 3 shows the results of the SEP exposure age

calculations. Only unheated IDPs (heating index = 1) are
shown in this plot. Exposure times are calculated by dividing
the 36ArSEP abundance by the product of the SEP Ar flux and
the estimated cross-sectional area of each particle. The
36ArSEP abundances are determined by assuming the
measured Ar abundances are a binary mixture between SW
and SEP, and assuming a 38Ar/36ArSW = 5.7, which is
intermediate between the accepted values of 5.6–5.8. Data for
which the 2σ uncertainty in the fractional amount of 36ArSEP
is greater than 50% are not shown in Fig. 3. Because the SEP
flux at 1 AU is uncertain (see discussion above), exposure
times are calculated for a range of SEP fluxes. The dashed
lines in Fig. 3 show the exposure times calculated as a
function of SEP/SW flux at 1 AU. 

For a spherical particle of radius s and density ρ that
perfectly absorbs incident light and starts from an initially
circular heliocentric orbit of Ri (in astronomical units [AU]),
the PR orbital decay time to 1 AU is given by

t = 400(Ri
2 − 1) / β years (1) 

where β = 5.7 × 10−5/(ρs) in cgs units (Burns et al. 1979). The
open circles overlapping the dashed lines in Fig. 3 correspond
to space exposure times calculated using Equation 1.
Individual circles are labeled by Ri, the assumed initial
heliocentric orbital radius, ranging from 1.5 to 5.0 AU,

Fig. 3. SEP exposure ages for unheated IDPs, calculated as a function of SEP/SW flux (dashed lines). Exposure age calculations assume the
classical interpretation that SEPs are an isotopically distinct component of the solar corpuscular radiation. The SEP Ar particle flux is assumed
to remain constant and equal to its value at 1 AU with increasing heliocentric distance. See the text for a more detailed discussion. The open
circles overlapping the dashed lines indicate the expected space exposure ages if the particles began in circular orbits at Ri = 1.5, 2.0, 2.5, 3.0,
3.5, 4.0, 4.5, and 5.0 AU and evolved to 1 AU by PR drag. Note that the same sequence of initial orbits labeled on the exposure age curve for
G14 applies to the other curves as well.
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corresponding roughly to the orbits of Mars and Jupiter. For
reference, the semi-major axis of an “average” main belt
asteroid is 2.8 AU (Jackson and Zook 1992; Allen 1962). 

Other than L2009 F32, the IDPs in Fig. 3 have exposure
ages that are within a factor of 20 of each other for a given
SEP/SW flux. The log scale emphasizes the fact that
absolute exposure times calculated by this method depend
critically on the SEP flux. An asteroid belt origin for all the
IDPs except L2009 F32 would be consistent with a SEP/SW
flux ratio of ~0.001 to ~0.01, which is intermediate between
SEP/SW flux values calculated based on studies of lunar
soils and Ne in IDPs (see above). Assuming this flux ratio is
correct, it implies that L2009 F32 has an exposure age of
103–104 years, which is significantly shorter than if it had
started from a circular orbit between 1.5 and 5 AU (open
circles). In this scenario, L2009 F32 may not be asteroidal,
or its Ar content may not accurately reflect its true space
exposure age.

Assumption 2: All Noble Gases in IDPs are from the SW
Paralleling the previous calculation, exposure age

estimates can be made by assuming all Ar measured in IDPs
is implanted SW. Under this assumption, the measured Ne
and Ar isotopic compositions, which tend to be isotopically
heavier than SW, would reflect mass fractionation. Isotopic
fractionation could plausibly occur during diffusive gas loss,
which presumably favors the retention of heavier isotopes.
Fractionation could also occur during implantation, which
tends to generate isotopically lighter compositions near the
surface of IDPs (e.g., Becker 1998; Grimberg et al. 2006; see
the “Assumption 3” section below) where they are more
susceptible to loss by surface sputtering or diffusion.
Whatever the mechanism, the requirement that the measured
isotope ratios reflect gas losses suggests that any effort to
determine an exposure age based on the abundance of
implanted SW noble gases will always yield lower limits.

Unlike the assumed radial invariance of the putative SEP
flux (see the “Assumption 1” section above), the SW flux is
known to diminish as the inverse of the square of the solar
radial distance, corresponding with spherical expansion (e.g.,
Kayser et al. 1984). If the initial orbits, particle masses, and
sizes are known, it is possible to estimate the SW gas
inventories accumulated by particles that evolve to 1 AU
using the PR dynamical evolution equations. This is similar to
the approach of Sandford (1986) who calculated the solar
flare track densities in IDPs with different initial orbits.

Assuming that incident corpuscular radiation is perfectly
trapped, the expression for the amount dNx of a solar gas
species x accumulated during time dt is given by: 

dNx = AΦx(R)dt (2)

where A is the cross-sectional area of the particle and Φx(R) is
the radially-dependent flux; for SW, Φx(R) = Φo,x (Ro

2/R2),
where Φo,x is the SW flux of species x at Ro = 1 AU. The

equations governing the dynamical evolution of the orbit of a
dust grain under the influence of PR-drag were derived by
Robertson (1937), Wyatt and Whipple (1950), and Burns
et al. (1979) to first order in the ratio of v/c. For a perfectly
absorbing spherical IDP of radius s and density ρ in a circular
orbit around the Sun, the orbital radius R evolves according to
(dR/dt) = −2η/R, where η = 2.53 × 1011/(ρs) in cgs units
(Burns et al. 1979). Combining this expression with
Equation 2 gives dNx = (A/(−2η)) Φx(R)RdR. This expression
can be integrated between the initial orbital radius Ri and Ro =
1 AU:

Nx = (A/(2η)) Φo,xRo
2ln(Ri/1). (3)

Thus the amount of solar corpuscular radiation accumulated
by particles in circular orbits increases as the logarithm of
their initial orbital radii. Combining Equation 3 with
Equation 1 yields an expression that relates space exposure
time t to the measured abundance of noble gas species Nx in
an IDP:

t = (400/β)(exp{4η Nx / (AΦo,xRo
2)} − 1). (4)

Equation 4 can be used to estimate the space exposure
times of IDPs assuming all 36Ar is implanted SW. The 36ArSW
flux, Φo,Ar, at Ro = 1 AU is 430 atoms cm−2s−1 (Geiss et al.
2004). For heating index 1 IDPs, Equation 4 gives SW space
exposure ages ranging from ~60 years (L2009 D10) to
1300 years (L2021 B1). As discussed at the outset of this
calculation, these times are likely to be lower limits for the
actual space exposure times. Based on Equation 3, these times
correspond to initial orbital radii of Ri = 1.002 and Ri =
1.026 AU, respectively. As discussed in the previous section,
IDPs in this size range evolving from initially circular orbits
in the asteroid belt should have significantly longer space
exposure ages (104–105 years). Thus, if these exposure age
times are correct, it implies that (1) the particles are
nonasteroidal, coming instead from comets that released dust
closer to Earth, or that (2) the observed 36Ar contents for all
the unheated IDPs do not accurately reflect the duration of
space exposure. 

The first choice (1) is problematic for two reasons.
Firstly, some significant fraction, and possibly the dominant
fraction (>75%) of stratospheric IDPs are thought to be
asteroidal in origin (Kortenkamp and Dermott 1998).
Secondly, these IDPs are less heated than the others that were
studied, and there is some expectation that relatively unheated
IDPs are more likely to be asteroidal in origin rather than
cometary. This expectation is based on differences in the
atmospheric entry speed between the two classes of IDPs.
Numerical studies predict that cometary IDPs tend to
encounter the Earth with higher velocities than asteroidal
IDPs (e.g., Jackson and Zook 1992). Frictional heating during
atmospheric entry is more severe for high speed particles. On
this basis, cometary IDPs are expected to have experienced
higher peak temperatures during atmospheric entry.
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Choice (2) could be correct if IDPs have lost significant
Ar or if SW saturation limited Ar retention. The 4He flux is
~28,000 times larger than 36Ar in the SW (Geiss et al. 2004)
and so might dominate saturation effects in individual grains.
The 4He surface concentrations in the unheated IDPs,
calculated by assuming that particles are spheres with radii
equal to half of the average of their visible dimensions
(Table 1), range from ~2 × 1012 atoms/cm2 to 4 × 1015 atoms/
cm2. For comparison, the average surface-normalized
concentration of 4He in individual ~100 µm lunar ilmenite
grains (71501) is ~5 × 1016 atoms/cm2 (Nichols et al. 1994).
Laboratory irradiation experiments show that saturation
effects begin to inhibit retention of implanted He for doses
exceeding 1016 atoms/cm2 (Lord 1968; Futagami et al. 1990),
and that complete saturation may occur for doses exceeding
~5 × 1018 atoms/cm2 (Lord 1968). Thus it appears unlikely
that SW Ar retention was inhibited by gas saturation on grain
surfaces. Instead, the relatively short space exposure ages
inferred for this model would be more likely to reflect Ar
losses.

Assumption 3: FS Noble Gases are Generated by Isotopic 
Fractionation of SW During Implantation

Ion implantation simulations performed by Becker
(1998), and more recently by Grimberg et al. (2006),
illustrate that isotopic fractionation of SW during
implantation can generate depth-dependent isotopic
compositions that favor heavier species in deeper

implantation sites and isotopically lighter compositions near
the surface. These authors have suggested that this behavior
may be responsible for the FS component, which was
previously attributed to SEP. In particular, Becker (1998)
pointed out that surface erosion of particles by ion sputtering
could shift the bulk composition of a target grain toward
heavier—i.e., more SEP-like—compositions over time. For
IDPs, loss of the relatively isotopically light species
implanted near the surface could also occur by diffusive gas
losses during implantation or during atmospheric entry
heating. Such processes would similarly shift the overall
isotopic composition to heavier values characteristic of the
more deeply-sited noble gases. If correct, FS noble gases
actually represent an isotopically distinct component
generated by the SW implantation process itself. Ignoring gas
losses by sputtering or diffusion, the rate of accumulation of
such a pseudocomponent would depend only on the SW flux
and the isotopic depth profile of the implanted species. In this
sense, the FS pseudo component could be considered to
possess an effective flux equivalent to the rate at which it is
generated by implantation effects.

Modeling the implantation behavior of SW noble gas
isotopes requires knowledge of the kinetic energy distribution
of the SW. Figure 4 shows a summary of the normalized SW
fluence versus velocity for several major SW ions as
measured by the solar wind ion composition spectrometer
(SWICS) and solar wind mass spectrometer (SWIMS)
instruments on the Advanced Composition Explorer (ACE)

Fig. 4. Normalized velocity histogram of SW ions as measured by the SWICS/SWIMS instruments aboard the ACE spacecraft between 1998
and 2005. Velocities are sorted into 5 km/s bins. Fluences, Φ, are computed according to Φ = nHe2+ × R × v × ∆t, where nHe2+ is the measured
ion density of doubly charged He, R is the measured elemental ratio, typically referenced to He, v is the ion velocity of the most abundant
charge state, and ∆t is the time separating consecutive measurements (2 hours). Thermal spread in ion velocities is ignored. No velocity
measurements are reported for Ne and Si. Their velocities are assumed to be similar to He and O.
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spacecraft (Raines et al. 2005). Data plotted are from
observations that occurred from 1998 through 2005. 

The TRIM ion implantation code (Ziegler et al. 1985)
was used to simulate depth-dependent isotopic fractionation
of the SW in two different target materials in order to estimate
the accumulation rate of Ar with an SEP-like composition.
The results of these simulations are shown in Figs. 5a and 5b,
which depict normalized histograms of implantation depths
for 36Ar and 38Ar in olivine (Fo75, 3.33 g/cm3) and
amorphous carbon (2.26 g/cm3). These targets were selected

because they are common in IDPs (e.g., Klöck and
Stadermann 1994) and possess differing Z and densities
values, which could affect the degree of implantation-induced
isotopic mass fractionation. Because SWICS/SWIMS SW Ar
velocity and ion density data are not available (Raines et al.
2005), the velocity distribution of SW Ne was used to
simulate the behavior of Ar.

A slight variation between the implantation depths of
36Ar and 38Ar is resolvable in both target materials (Figs. 5a
and 5b). Argon-38 penetrates deeper into the target due to its

Fig. 5. TRIM code simulations (Ziegler et al. 1985) of the distribution of implanted solar wind Ar ions in an olivine target with composition
Fo75 and density 3.33 g/cm3 (Fig. 5a) and an amorphous carbon target with density 2.26 g/cm3. The SW velocity distribution profile for Ne
(Fig. 4) was used to simulate Ar. Incident ions were assigned random incident angles with a 2π distribution over the target surface. The
histograms show the normalized implanted ion depth distributions, determined by counting the number of ions implanted within 5 Å depth
bins and dividing by the total number of implanted ions.
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slightly larger energy. This generates isotopic fractionation in
both target materials that varies as a function of depth, as
reported by Grimberg et al. (2006). 

Figures 6a and 6b show the Ar isotopic ratio and
estimated effective FS/SW flux ratio as a function of depth for
both targets. The composition of the incident Ar is assumed to
be 36Ar/38Ar = 5.7. The compositions of SW and SEP Ar were
originally determined by depth-sensitive gas extraction
techniques in lunar materials (e.g., Benkert et al. 1993); SW

Ar was determined to present near grain surfaces whereas the
putative SEP Ar component was present at larger depths. This
general behavior is reflected in the implantation simulations
(Figs. 6a and 6b), which show decreasing 36Ar/38Ar with
depth. The effective FS/SW flux ratio for a given depth do is
estimated to be the ratio between the number of atoms
implanted at depths d > do and the total number of incident
atoms. As shown in Fig. 6, the average 36Ar/38Ar becomes
equal to the nominal SEP ratio (horizontal dashed line) at

Fig. 6. Implanted 36Ar/38Ar depth profile in olivine and carbon targets (left axis), and the estimated fractionated solar (FS) to solar wind (SW)
flux ratio (right axis). The composition of the incident Ar is assumed to be 36Ar/38Ar = 5.7. The star symbols show the 36Ar/38Ar for each 5 Å
depth bin. The open squares show 36Ar/38Ar composition averaged over ±20 Å. As described in the text, the effective FS/SW flux ratio at a
given depth do is computed as the ratio between the total number of atoms implanted to depths d > do and the total number of incident ions.
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depths of ~800 Å for olivine and ~700 Å for carbon. These
depths correspond to the tail of the implantation distribution
in both targets (Fig. 5). Stepped-etching studies of lunar soils
typically show the 36Ar/38Ar converging to a steady value of
~4.87 during the later etch steps (e.g., Benkert et al. 1993).
The results of the ion implantation simulations (Fig. 6) reflect
this general behavior, but the increasingly poor statistics
beyond ~1000 Å limits resolution. The effective FS/SW flux
ratios at these depths are ~0.01 for olivine and ~0.02 for the
carbon target (Figs. 6a and 6b, respectively), which means
that 1 and 2% of the incident ions penetrate to depths beyond
~800 Å and ~700 Å for the olivine and amorphous carbon
targets, respectively, where the 36Ar/38Ar ≤ 4.87. Note that
effective FS fluxes of ΦFS/ΦSW ~ 0.01 are similar in
magnitude to SEP/SW flux ratios estimated on the basis of
lunar soil studies (see the “Solar Gases in IDPs” section
above). 

Equation 4 can be used to estimate the space exposure
ages of the IDPs assuming that FS gases are generated by
isotopic fractionation of SW during implantation. In this case
Φo,x in Equation 4 is the effective flux of FS Ar, which is
equal to the 36ArFS accumulation rate at 1 AU, or ~0.01–0.02
times the 36ArSW flux at 1 AU (430 atoms cm−2s−1; Geiss et al.
2004). Likewise, Nx in Equation 4 is the amount of FS Ar in
the IDPs, determined by assuming the measured Ar
composition is a binary mixture of 36Ar/38ArSW = 5.7 and
36Ar/38ArFS = 36Ar/38ArSEP = 4.87 (see the “Assumption 1”
section above). Data for which the 2σ uncertainty in the

fractional amount of 36ArFS is greater than 50% are not
considered.

Figure 7 shows the results of this calculation. As in
Fig. 3, space exposure ages of the unheated IDPs (dashed
lines) are plotted as a function of FS/SW flux ratio. The open
circles overlapping the dashed lines show the expected
exposure ages of the IDPs assuming they started in circular
orbits at Ri = 1.5 through 5 AU (see Fig. 3 and Equation 1).
Note that in the case of L2009 F32, this range of exposure
ages plots off scale and to the left in Fig. 7. As in Fig. 3,
L2009 F32 has a relatively short inferred space exposure age.
For the remaining particles, flux ratios of 0.01–0.02, as
estimated from the implantation simulations on olivine and
amorphous carbon, suggest space exposure ages that range
from ~4 × 103 years (C21) to ~106 years (G14). An asteroid
belt origin can be roughly reconciled with a FS/SW flux ratio
of 0.01–0.02 for all the particles except L2009 F32 and L2021
C21. It should be noted that IDP density is among the most
uncertain of the parameters in this calculation. For these
calculations a density of 2 g/cm3 was assumed. Smaller
density values would shift the space exposure curves upward
in Fig. 7, while shifting the range of asteroid belt exposure
ages (open circles) to the right for each curve. For example,
assuming a density of 1 g/cm3 for L2021 C21, which is
similar to densities previously measured in some individual
IDPs (e.g., Love et al. 1994), would shift its exposure age
curve upward in Fig. 7, making it nearly indistinguishable
from H14 or I3. A similar change in assumed density for

Fig. 7. Space exposure ages of the unheated IDPs (dashed lines) calculated as a function of the accumulation rate of FS Ar relative to the SW
flux (see Equation 4 and discussion in the text). These estimates assume that FS noble gases are generated by isotopic fractionation of SW
during implantation. The effective flux of FS Ar is assumed to diminish as the inverse square of the heliocentric distance. The open circles
overlapping the exposure age curves (except F32, which would plot off scale) have the same meaning as Fig. 3. 
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L2009 F32 would shift its exposure age curve upward by a
factor of ~2, which would not bring it into agreement with the
other particles. Thus, IDP L2009 F32 appears to have a
uniquely short exposure age—a few hundred years assuming
a FS/SW flux ratio of ~0.01–0.02. It is tempting to suggest a
cometary origin for this particle. In this case, the lack of
evidence for severe entry heating could have occurred if
L2009 F32 entered the atmosphere at a shallow angle relative
to horizontal, which might have allowed it to dissipate kinetic
energy at higher altitudes where the atmospheric gas density
and thus degree of frictional heating is less than at lower
altitudes (e.g., Love and Brownlee 1990).

Cosmic-Ray Exposure Ages

The rate of production of spallogenic noble gases in the
IDPs depends on the ambient flux and energy spectrum of
GCR and SCR in the setting in which the particles were
irradiated, the composition of the sample, and, in the case of
parent body irradiation, the shielding depth. Both GCRs and
SCRs consist mainly of energetic protons with smaller
fractions of α-particles and heavy nuclei, however they differ
significantly in energy. Galactic cosmic rays have energies
greater than ~0.1 GeV. GCR primary particles and the cascade
of energetic secondary particles (mostly neutrons) they create
can penetrate up to several meters into solid matter. SCRs
have energies from a few to several hundred MeV and are
generally stopped within a few millimeters of the sample
surface (Vogt et al. 1990). Spallation isotope production at
depth (~1 m) in a parent body is exclusively from nuclear
reactions from GCR primary and secondary particles, while
production at the surface of a large body and in small (<1 mm)
dust grains is from some combination of SCRs and GCR
primaries. 

It is possible to place further constraints on the origins of
the IDPs by assessing spallation isotope contributions
assuming some model for irradiation. Relevant SCR and GCR
production rates are listed in Table 3. Reedy (1987, 1999)
calculated production rates using measured proton cross
sections and assuming reasonable shapes for the energy
spectra of GCR and SCR protons. Eugster’s (1988) shielding-
depth dependent values were determined by comparing
measured abundances of cosmogenic nuclides to the exposure
ages inferred from the presence of short-lived cosmogenic
81Kr. 

Two IDPs in the set, I8 and B19, have resolvable
excesses of spallogenic Ne (Fig. 1a). The 21Nespall amounts
can be determined by assuming the Ne in the particles is a
three-component mixture between SW, SEP, and cosmogenic
and subtracting the fractional contributions from SW and
SEP. Concentrations can be determined by dividing the
resulting 21Nespall amounts by the estimated particle masses
given in Table 1. These give 21Nespall concentrations of ~1.2 ×
104 atoms/nanogram in both particles. Thus, assuming they

have similar densities, I8 and B19 have essentially identical
concentrations of spallation Ne. 

Helium-3 production rates tend to be similar to or larger
than those for 21Nespall (Table 3). One to ten times more
3Hespall is expected in I8 and B19, which might have been
detectable under optimal measurement conditions. However,
as stated in the “Experimental” section, the size and
variability of the HD interference correction prevented
precise determination of the 3He/4He in many of the IDPs,
including I8 and B19. Both particles were relatively He-poor
(Table 2) and were assigned heating indices of 3 based on
their He and Zn contents (Table 1). Particle I8 also exhibits
surface features consistent with partial melting. It is therefore
conceivable that both particles lost a large fraction of their He
due to heating during atmospheric deceleration, possibly
obscuring any excess cosmogenic 3He. Approximately
5 times less 38Arspall is expected in these particles based on
production rates in Table 3, or ~0.2 × 104 atoms/ng. An upper
limit for the measured 38Arspall concentration can be
calculated by assuming all of the Ar in each IDP is from solar
wind. Assuming 36Ar/38ArSW = 5.6, this yields upper limits of
0.22 and 0.56 × 104 atoms/ng of 38Arspall, respectively, for I8
and B19, in rough agreement with the predicted spallation-
produced concentration of ~0.2 × 104. Therefore, among the
noble gas isotopes measured in the IDPs in this study, 21Ne is
uniquely diagnostic of cosmic ray exposure. If the 21Nespall
excess detected in I8 and B19 were present in the other
analyzed IDPs, it would have been readily detected in all but
perhaps the most solar Ne-rich particles. In other words, all of
the remaining IDPs have 21Ne/22Ne ratios consistent with an
exclusive mixture between SW and SEP Ne. It is therefore
probable that B19 and I8 represent a distinct and presumably
rare class of stratospheric dust particles that have received
unusually long energetic particle irradiations. Three possible
scenarios for this cosmic ray exposure are discussed below.

Irradiation by SCR and GCR Primaries
Assuming I8 and B19 were irradiated as individual

particles at 1 AU, an estimate of the cosmic ray exposure age
can be made by dividing the observed spallogenic 21Ne
concentration by the SCR primary + GCR primary production
rates at 1 AU (Table 3).The result is that ~5 × 107 years are
required to build up the amount of 21Nespall observed in I8 and
B19, respectively. This is 102 times longer than the PR orbital
decay time from the asteroid belt (2.8 AU) for both particles
(see Equation 1). Based on a similar irradiation model, Pepin
et al. (2000) computed an exposure age range of 5 × 107 to
10 × 109 years to accumulate the 3He excesses observed in a
set of IDPs studied in their lab. Flynn (1994) noted that dust
produced in the EKB could make a significant contribution to
the interplanetary dust cloud, and suggested that EKB IDPs
might be recognized by both a higher density of solar flare
tracks and a detectable density of more deeply penetrating
solar energetic particle tracks. One IDP, W7027 C4, out of
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about 50 examined for tracks shows these features (see Flynn
1996 and references therein). IDPs in the size range studied
herein require ~107 years to spiral in from the EKB at 50 AU
(Equation 1), which is more consistent with the cosmic ray
exposure ages calculated above. However, the intensity of
SCRs may decrease with heliocentric distance, which would
decrease 21Nespall production at large heliocentric distances,
requiring even longer space exposure times to accumulate the
observed 21Nespall concentrations. Dust evolution models
predict that EKB particles will often become trapped in mean
motion resonances with giant planets for time spans
exceeding a million years (Liou et al. 1996a, 1996b). Thus,
one explanation for such long inferred GCR/SCR exposure
ages is that B19 and I8 are IDPs from the EKB that spent
extended periods of time trapped in resonant orbits in the
outer solar system. Such extended orbital histories may be
unlikely, however, because the collisional lifetimes of IDPs
from the Kuiper belt are estimated to be less than about
107 years, on average (Pepin et al. 2001).

Irradiation at Depth (~1 m) on an Asteroidal Regolith
The production rate for Ne at ~1 m depth (resulting

primarily from GCR secondaries) at 1 AU is 4 times smaller
than the production rate at the surface (resulting primarily
from SCR + GCR primaries; Table 3). Therefore, I8 and B19
would have required upwards of 108 years of irradiation at
1 m depth on an asteroidal regolith to acquire the 21Nespall
abundance measured in these particles. This is 10–100 times
longer than typical GCR exposure ages measured for
chondritic meteorites (Wieler 2002). This is also
uncomfortably long compared to the expected GCR exposure
times of dust grains residing in active asteroidal regoliths (a
few Ma) (Housen and Wilkening 1982; Pepin et al. 2001).

Irradiation at Depth (~1 m) on a Cometary Regolith 
The “intrinsic mean collision rate,” that is the impact rate

per unit cross section per unit time, is modeled to be
~2000 times higher in the main asteroid belt than in the EKB
(Farinella and Davis 1992; Farinella and Davis 1996),
suggesting that regoliths on EKB objects experience
significantly smaller turnover than asteroidal regoliths. Thus,
another possibility is that these grains previously resided near
the surface of a parent body with a long-lived regolith such as
an EKB or an Oort cloud body, which are the proposed
sources of the short- and long-period comets, respectively
(e.g., Duncan et al. 1988). Similarly, Pepin et al. (2001)
evoked “high stability” EKB and Oort cloud body regoliths as
a possible source for high 3He IDPs. Dust particles expelled
from freshly injected comets may be particularly ancient,
having resided near the surface of the cometary body for time
periods much longer than the predicted ages of asteroidal
regoliths. Oort cloud objects, in particular, could harbor
material with long apparent GCR exposure ages, since
spallation production rates by GCR primaries are expected to

be a factor of four higher in interstellar space where these
objects spent most of their lifetimes (Reedy 1987). The
possible connection with comets is consistent with the fact
that both I8 and B19 are heated particles, having probably
entered the Earth’s atmosphere at relatively high velocities.
Dust particles released in either the main asteroid belt or the
EKB would spiral in towards 1 AU under the influence of PR
drag, and encounter the Earth with low relative velocity,
experiencing minimal entry heating (Flynn 1989). In
principle, high-speed dust comes from objects with high
eccentricity orbits that cross 1 AU, such as comets and Earth-
approaching asteroids (Flynn 1989). However, astronomical
observations indicate that, while comets produce visible dust
trails, the Earth-approaching asteroids generate very little
dust, since Sykes et al. (1986) and subsequent observers have
reported infrared detection of dust trails associated with many
comets but not with Earth-crossing asteroids. 

Olinger et al. (1990) estimated galactic cosmic ray
exposure ages in polar micrometeorites using measured
concentrations of cosmogenic 21Ne and determined values
ranging from <0.5 Ma to ~20 Ma. This is in broad agreement
with the exposure age range determined from the
measurement of cosmogenic 10Be and 26Al abundances in
cosmic spherules from deep-sea sediments and Greenland ice
sheet particles (Raisbeck and Yiou 1989; Nishiizumi et al.
1991). In addition, Raisbeck et al. (1985) discovered one
unusual cosmic dust spherule with a large concentration of
cosmogenic 10Be. These authors interpreted this as evidence
of spallation production at unusually large GCR fluxes. They
speculated that this spherule was irradiated at the surface of a
comet in interstellar space and subsequently inserted into the
zodiacal cloud dust population during the comet’s initial
passage through the inner solar system. The observation of a
single 10Be-rich cosmic dust grain among ~20 cosmic
spherules is consistent with the existence of a small fraction
of cosmic dust that has experienced unusually long GCR
exposure ages or have been exposed to enhanced extra-solar
fluxes of GCR particles. Our observations of large 21Nespall
concentrations in I8 and B19, two heated IDPs, corroborate
the existence of such a sub-population.

CONCLUSIONS

He, Ne, and Ar isotopes were measured in 32 individual
interplanetary dust particles from the stratospheric dust
collection at NASA-JSC. All of the IDPs have isotope ratios
consistent with a mixture between implanted solar wind and
an isotopically heavier component dubbed fractionated solar,
which could be implantation-fractionated SW or implanted
solar energetic particles. These gases were probably acquired
by direct exposure to solar corpuscular radiation in space after
the particles were ejected from their parent objects. 

Based on He concentrations and previously published Zn
abundances, a subset of the IDPs appears not to have been
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significantly heated during atmospheric entry. The pre-
atmospheric entry noble gas compositions of IDPs are
presumably best preserved in this unheated subset of
particles.

Model space exposure ages for the unheated IDPs were
estimated based on the measured abundances of FS Ar. These
ages are roughly consistent with time scales required for PR
orbital evolution from the asteroid belt (~104–105 years),
although one particle, L2009 F32, appears to have a solar
exposure age of 102–103 years, which could be consistent
with a cometary origin. Model exposure ages based on the
assumption that all Ar is from the SW give substantially
shorter space exposure ages for all the unheated particles
(~101–103 years), and if correct would probably require
substantial losses of implanted SW noble gases in space or
during flash heating when the IDPs entered the atmosphere. 

Two IDPs possess elevated 21Ne/22Ne ratios, consistent
with presence of Ne produced by cosmic ray spallation.
Meteoritic 21Ne production rates suggest cosmic ray exposure
times exceeding 107 years for these two IDPs, which is orders
of magnitude longer than typical exposure ages of chondritic
meteorites and longer than PR orbital lifetimes of IDPs from
the asteroid belt. One explanation for this observation is that
these particles were exposed to cosmic rays near the surface
of an Oort cloud or Edgeworth-Kuiper belt body and were
subsequently released into the inner solar system in a
cometary dust stream. 

The zodiacal cloud contains dust particles from a wide
variety of sources, including comets, asteroids, and EKB
objects. Dust grains from each of these sources are
presumably present among the stratospheric IDP collection.
Determining the space exposure ages of particles can be
useful for linking individual IDPs to specific types of source
objects. In this work, we have demonstrated the ability to
constrain models for the space exposure lifetimes of IDPs
using the measured abundances of implanted solar noble
gases. Success in this endeavor requires an understanding of
the source and flux of implanted solar noble gas components
in IDPs, particularly the deeply-sited component previously
identified as SEP, whose origin is the subject of ongoing
debate (e.g., Grimberg et al. 2006). 

In January of 2006, the Stardust spacecraft successfully
returned cometary dust particles from Wild-2. Noble gas
measurements of these particles will provide a highly useful
point of comparison with the IDP data published herein and
elsewhere. Of particular interest will be determining whether
material from Wild-2 shows evidence of long duration cosmic
ray exposure, the extent to which particles have been
irradiated by SW and SEP, which could provide insights into
regolith gardening processes in comets, and whether
cometary material harbors elevated 3He/4He ratios, which has
been previously observed in IDPs by the Minnesota group,
but whose presence remains unexplained (Nier and Schlutter
1993; Pepin et al. 2000, 2001). 
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