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Abstract–Cosmogenic He, Ne, and Ar were measured in the iron meteorites Grant (IIIAB) and Carbo
(IID) to re-determine their preatmospheric geometries and exposure histories. We also investigated
the influence of sulphur- and/or phosphorus-rich inclusions on the production rates of cosmogenic
Ne. Depth profiles measured in Grant indicate a preatmospheric center location 117 mm left from the
reference line and 9 mm below bar B, which is clearly different (~10 cm) from earlier results (~165 mm
left from the reference line on bar F). For Carbo the preatmospheric center location was found to be
120 mm right of the reference line and 15 mm above bar J, which is in agreement with literature data.
The new measurements indicate a spherical preatmospheric shape for both meteorites and, based on
literature 36Cl data, the radii were estimated to be about 32 cm and 70 cm for Grant and Carbo,
respectively. We demonstrate that minor elements like S and P have a significant influence on the
production rates of cosmogenic Ne. In our samples, containing on average 0.5% S and/or P, about
20% of 21Ne was produced from these minor elements. Using measured 21Ne concentrations and
endmember 22Ne/21Ne ratios for Fe + Ni and S + P, respectively, we show that it is possible to correct
for 21Ne produced from S and/or P. The thus corrected data are then used to calculate new 41K-40K
exposure ages—using published K data—which results in 564 ± 78 Ma for Grant and 725 ± 100 Ma
for Carbo. The correction always lowers the 21Ne concentrations and consequently decreases the
41K-40K exposure ages. The discrepancies between 36Cl-36Ar and 41K-40K ages are accordingly
reduced. The existence of a significant long-term variation of the GCR, which is based on a former
30–50% difference between 41K-40K and 36Cl-36Ar ages, may warrant re-investigation.

INTRODUCTION

Cosmogenic nuclides are produced by interactions of
galactic and solar cosmic-ray particles with terrestrial and
extraterrestrial matter. In contrast to solar cosmic-rays, which
have penetration depths of a very few cm only (e.g., Wieler
2002), galactic cosmic-rays (GCR) can penetrate deep (several
tens of cm up to m) (e.g., Eugster 2003) into meteoroids and
planetary bodies and thereby produce, among others,
cosmogenic radionuclides and stable noble-gas isotopes. The
production rates of cosmogenic nuclides depend on the shape
of the GCR particle spectra, the total GCR flux, the geometry
and chemistry of the meteoroid, and the position of the sample
within the body (shielding depth). While the production
systematics for stony meteorites and lunar surface rocks can
reliably be calculated (Leya et al. 2000, 2001) there are still
unresolved issues involving cosmogenic nuclide production
systematics for iron meteorites.

For iron meteorites with r ≥ 10 cm the flux densities of
primary and secondary particles decrease (Wieler 2002; Leya
et al. 2004 and ref. therein) from the surface towards the
center, leading to decreasing production rates with increasing
depth. The production rates also decrease with increasing size
of the meteoroid. The exception to this are those nuclides
produced by thermal and epithermal neutrons, in which case
the production rates peak somewhat below the surface. In
addition, the production rates mostly increase with decreasing
mass difference between target element and product nuclide.
For example, the production rates for cosmogenic 20, 21, 22Ne
from 32S and 31P are much higher than the corresponding
production rates from the major target isotopes 56Fe and 58Ni.
This is important because troilite (FeS) and schreibersite
((Fe,Ni)3P) are common minerals in iron meteorites.
However, the contributions of Ne isotopes from S and P have
not been considered for production rate systematics in the past
(e.g., Martin 1953; Ebert and Wänke 1957; Signer and Nier
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1960, 1962; Arnold et al. 1961; Voshage and Feldmann
1979). Michlovich et al. (1994) noted that S might be an
important target element for the production of 26Al in
Canyon Diablo.

In the early 1960s Signer and Nier (1960, 1962)
measured noble gases in samples of the IIIAB iron meteorite
Grant and found rather simple depth dependencies for
cosmogenic He, Ne, and Ar isotopes as well as for some
elemental ratios. Based on these results, the authors
hypothesized a model from which the radius of the
meteoroid (R), the shielding depth of the sample (d), and the
exposure age (Texp) could be determined from a single
sample. Later, Voshage and Feldmann (1978, 1979)
recognized that the Signer-Nier model is based only on two
independent experimental results, the 4He and the 21Ne
concentrations, demonstrating that R, d, and Texp could not
be uniquely determined from only these measurements.
Consequently, for a proper determination of the
preatmospheric geometry and the exposure history of iron
meteorites the dependence of the production rates and the
cosmogenic nuclide ratios on the meteoroid size, on the
shielding depth of the studied sample, and on the chemistry
has to be known. In addition, the exposure age of the
meteoroid has to be determined independently (Voshage and
Feldmann 1978).

Various approaches exist to determine cosmic-ray
exposure ages of iron meteorites. The most widely used are
the 41K-40K and the 36Cl-36Ar methods. The 41K-40K dating
system has been developed by Voshage and co-workers (e.g.,
Voshage and Hintenberger 1961; Voshage 1962, 1978) and is
based on the production rate ratios of the stable isotopes 39K
and 41K and the radioactive isotope 40K. The 36Cl-36Ar
system is based on the fact that 36Ar is the radioactive
daughter of 36Cl (36Cl → 36Ar + e− + ṽ). In iron meteorites,
more than 80% (Lavielle et al. 1999) of the 36Ar measured
today was originally produced as 36Cl. Since 36Cl (T1/2 =
0.3 Ma) is in saturation after a few million years, its
measured concentration is a very good proxy for the 36Ar
production rate, which makes this system very reliable
(e.g., Lavielle et al. 1999; Wieler 2002). The 36Cl-36Ar
system reflects the radiation conditions over the last few
million years only, whereas the 41K-40K system gives an
average age over the lifetime of the meteoroid. Exposure
ages determined via 41K-40K have been found to be higher by
about 30%–50% than those determined via 36Cl-36Ar
(Voshage 1978, 1984; Lavielle et al. 1999). This finding has
usually been interpreted as indicating an increase in the GCR
flux in the last few million years. However, the 41K-40K
system is based on many assumptions, which are not well
tested, or not tested at all (e.g., the production rates of K).
Therefore, the observed discrepancies might also be artifacts,
indicating our insufficient knowledge of cosmogenic
production systematics, rather than a long-term GCR
variation.

Here we present new results for cosmogenic He, Ne, and
Ar in samples of the IIIAB iron meteorite Grant and the
IID iron meteorite Carbo. Based on our new data we have
re-determined the preatmospheric center locations and radii
for both meteorites, which are (at least for Grant) significantly
different from earlier estimates (Hoffman and Nier 1958;
Signer and Nier 1960). By studying the reproducibility of our
measurements we clearly demonstrate that troilite and
schreibersite inclusions significantly influence the measured
Ne concentration in a given sample. This has to be considered
when Ne production rates are being deduced from such data.
Using the cosmogenic 21Ne concentrations and suitable 22Ne/
21Ne endmember ratios for Fe + Ni and S + P, it is possible to
correct for such contributions. The results are then applied to
the 41K-40K system and new exposure ages are determined for
Grant and Carbo. 

EXPERIMENTAL

Samples

Grant is a medium octahedrite and belongs to the group
of the IIIAB iron meteorites. Several pieces were found in the
1920s in New Mexico. In 1957 the main mass was cut in
2 halves, and 2 central slices of about 1 cm thickness were
produced (Buchwald 1975). These slices almost touched the
preatmospheric center of the meteoroid. Carbo is also a
medium octahedrite and belongs to the group of IID iron
meteorites. A mass of 450 kg was found in Mexico in 1923.
Similar to Grant, a central slice was cut out of the main mass
in 1957 (Buchwald 1975). Figures 1a and 1b show the central
slices of Carbo and Grant, respectively, which were further
cut into several bars. The locations of all samples analyzed in
this work are plotted on these bars.

Sample Preparation and Noble Gas Extraction

The samples, weighing 50–100 mg each, were
ultrasonically cleaned in acetone and wrapped in Ni foil. The
samples were preheated in vacuum to about 80 °C for 2 days
to release atmospheric surface contamination. We measured
30 aliquots of Grant and 31 of Carbo. Two different
instruments were used for sample measurements. For some
samples the noble gases were extracted in a conductively
heated crucible. After purification the noble gases were
measured on a MAP 215-50 sector field mass spectrometer
(90°, 15 cm radius) equipped with a Nier type ion source and
2 detectors, a Faraday cup and an electron multiplier
operating in counting mode. Most samples were analyzed on
a system in which the noble gases were released in a crucible
heated by an RF coil. After purification the gases were
admitted into a sector field mass spectrometer able to measure
He and Ne and a tandem spectrometer for Ar measurements.
These 2 non-commercial spectrometers are called system B
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mass spectrometers (see e.g., Schwarzmüller 1970). They are
equipped with a Nier type ion source, a Faraday cup, and an
electron multiplier. 

Since the results published here were mostly obtained
on the second system (system B), this extraction line is
described in some detail: samples are melted in a
molybdenum crucible. To avoid corrosion, a boron-nitride
liner (Maruoka and Matsuda 2001) is placed inside the Mo
crucible. Noble gases are extracted by heating the samples
slowly up to about 1670–1700 °C. This temperature, which
is held for 20 min, is far above the melting point of Fe and
Ni, but such a high temperature is needed to guarantee
complete degassing, as we verified during various step-wise
heating experiments. During melting, the gas is purified with
2 titanium (Ti) getters first held at about 700 °C and then
cooling down to room temperature. Argon is separated from
the He-Ne fraction using active charcoal held at the
temperature of boiling nitrogen (LN2). The He-Ne fraction is
pumped towards the He-Ne spectrometer using a mercury
(Hg) diffusion pump and is further purified using Ti-getters
(400 °C—room temperature) and active charcoal (LN2).
During measurements an active charcoal (LN2) and a Ti-
getter (room temperature) in the spectrometer guarantee a
low 40Ar, CO2, and HD background to minimize
interferences on 20Ne, 22Ne, and 3He, respectively. The Ar
fraction is further purified using Ti-getters working in a
temperature range between 700 °C and 200 °C. The gas is
concentrated towards the Ar spectrometer using a further
active charcoal (LN2). During the release of Ar, the charcoal
is cooled with CO2 ice to retain contaminants like water and
CO2, which could compromise the Ar measurements.

Calibrations

The sensitivities and mass fractionations for all
spectrometers used in this study were determined using
calibrations composed of known amounts of He, Ne, and Ar
isotopes. The data given in Tables 1 and 2 are all corrected for
mass fractionation. On the MAP spectrometer we determined
a mass discrimination on the counter of 2.3%/amu and 2.6%/
amu for Ne and Ar respectively, favoring the light isotopes.
The fractionation for the Ar measurements on the Faraday cup
was negligible. For He the fractionation factor could not be
determined directly because 3He could not be measured in the
calibration. The 3He/4He ratios of Grant samples were
compared to the corrected replicates measured on the system
B spectrometer and we observed a fractionation of about 10%
favouring the heavy isotope.

The corrections for mass fractionation for the secondary
electron multiplier (SEM) of the separate He-Ne and Ar
spectrometers are 5%/amu, 3%/amu, and 2.3%/amu for He,
Ne, and Ar, respectively, favoring the light isotope and it is
1% for Ar measured on the Faraday cup favoring the heavy
isotope (He and Ne were measured only on the SEM). For
He this factor is only valid for gas concentrations very close
to the gas amount used for calibration. Extensive tests
clearly demonstrated that the fractionation factor for He
depends on the gas amount in the spectrometer. For example,
some samples have up to 40 times more 4He than a
calibration, which lowers the fractionation from 5% to 1%.
Also, the sensitivities for He, Ne, and Ar depend on the gas
amount in the spectrometer. For He this can make up to 7%
for typical samples. For Ne and Ar concentrations, the

Fig. 1. The center slices of Carbo (a) and Grant (b) were cut into different bars labeled from A–Y and B–R, respectively. The measured depth
profiles are distinguished using different symbols. 
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corrections are smaller because the gas amounts used for
calibrations fits rather well the typical sample gas amounts.
For a typical sample the sensitivity increases by ~2% and
3% for Ne and Ar, respectively.

Data Reduction

Besides mass fractionation the samples are also corrected
for interferences and blanks. For the MAP spectrometer the
mass resolution is sufficient to resolve HD from 3He and
H2

18O from 20Ne, therefore no corrections are needed. Even if
the double-to-single charged ratio for 40Ar is fairly large
(40Ar++/40Ar+ = 0.67), the corrections for doubly charged 40Ar
on 20Ne usually are very small. For a typical sample 40Ar++

contributes less than 1% to 20Ne. Carbon dioxide has a double
to single charged ratio of 0.01 and CO2

++ contributes less than
0.05% to 22Ne. For the system B spectrometers the H2, H2O,
CO2, and 40Ar amounts are comparable for sample and blank
measurements, thus corrections were made via the blank
correction.

Procedure blanks are very minor. They usually contribute
less than ~3‰ for 4He, 20Ne, and 36Ar. Since all samples
clearly show cosmogenic noble gas ratios (20Ne/22Ne ≈ 0.93,
36Ar/38Ar ≈ 0.63), no correction for trapped noble gases was
necessary.

Uncertainties 

The uncertainties given in Tables 1 and 2 are 2σ and
include the statistical uncertainties of the measurements, blank
corrections, interference corrections, corrections for sensitivity
changes, and fractionation. Due to technical problems the
calibration of the MAP spectrometer had to be re-adjusted
using well studied meteorites, i.e., the L-chondrite Bruderheim
(Zurich-Standard) and the eucrite Millbillillie, and a new air
standard. The recalibration increased the uncertainty (1σ) for
the measured He, Ne, and Ar concentrations to ~5%, ~3%, and
~20%, respectively. Note that the recalibration only affects the
measurements performed on the MAP spectrometer and does
not concern the majority of our measurements, which were
performed on the system B spectrometers.

Since the recalibration procedure does not affect isotopic
ratios, their uncertainties (1σ) are similar for both systems
(MAP, system B), i.e., 3He/4He: 0.6%, Ne-ratios: 2%, 36Ar/
38Ar: 0.5%. For the system B spectrometers, the correction for
non-linearities, i.e., the dependence of sensitivity and mass
discrimination on gas amounts significantly increases the
uncertainties, whereas the He data are most affected. For
example, the non-linearities add a 1σ uncertainty between 2%
and 7% to the given 4He concentrations for samples with
masses between 20 mg and 100 mg. The additional
uncertainties for Ne and Ar are much lower, i.e., 3% and 2%,
respectively. However, when comparing noble gas data of
different laboratories, additional uncertainties of 5% for

concentrations and 1% for isotopic ratios have to be taken into
account (Michel et al. 1989).

RESULTS

Noble Gas Data

Tables 1 and 2 give the measured cosmogenic noble
gas concentrations and isotopic ratios for He, Ne, and Ar
for Grant and Carbo together with the sample locations.
The He and Ar concentrations for replicate analysis of
samples from same locations within the meteoroids usually
agree within 2σ and the different profiles show a consistent
pattern. The scatter for Ne isotopic concentrations is
significantly larger than the scatter observed for He and Ar
concentrations and often exceeds the 2σ uncertainties (see
Figs. 4a, 4b and 7a, 7b). 

For one sample (Carbo A-107), the gas amounts are
surprisingly low in all He, Ne, and Ar concentrations, which
might be attributed to an incorrect sample weight or
incomplete sample degassing. A high 4He concentration, i.e.,
~25% higher than in the other aliquots of the same sample,
was measured in one aliquot of Grant B-25. However, so far
we have no explanation for the observed discrepancy. Note
that the third aliquot of B-25 has insufficient amounts of Ne
(~15%) and Ar (~45%), which most probably indicates an
incomplete degassing.

In general, our new data agree well with results
published earlier for Grant (Signer and Nier 1960, 1962;
Graf et al. 1987) and Carbo (Hoffman and Nier 1959).
Therefore, for both meteorites there now exists a consistent
and well-proven database for cosmogenic He, Ne, and Ar
isotope concentrations for samples with known locations
within the parent body. Such a database is mandatory for
detailed studies of cosmogenic production systematics in
iron meteorites.

SEM Analyses

We studied samples from Grant and Carbo using a Cam
Scan CS4 scanning electron microscope (SEM) equipped
with a Voyager EDX-System to analyze the chemistry of
the metal ground phase in general and to get an idea of the
presence of microscopic mineral inclusions. The chemical
composition of the sample is of major importance for the
study of cosmogenic production systematics because different
elements have different cosmogenic production rates.
Figures 2a and 2b show backscattered electron images of
Grant (J-105) and Carbo (V-80), respectively. The Ni-rich
(lighter) taenite can be clearly distinguished from the Ni-
poor (darker) kamacite. It can also be seen that the Ni
content decreases towards the center of the taenite lamellae
as described, e.g., by Mittlefehldt et al. (1998). In Grant,
2 different types of inclusions can be seen: first, the dark
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rounded nodule, which is troilite, and second the lighter,
skeletal one, which is schreibersite. In the Carbo sample
only schreibersite inclusions are visible. As described by
Buchwald (1975, p. 472 for Carbo and p. 613 for Grant)
troilite and schreibersite are very common in these 2
meteorites. Beside the big inclusions (up to 25–50 mm
across) there are also a lot of smaller inclusions with sizes
of 5–400 µm for schreibersite and 5 µm to 2 mm for troilite,
respectively.

DISCUSSION 

New Preatmospheric Center Locations for Grant
and Carbo

For determining the preatmospheric centers of Grant and
Carbo we used so-called “contour plots” in which lines
represent locations of identical gas concentrations or isotopic/
elemental ratios. They are based on the observation that (in
iron meteorites) noble gas concentrations as well as isotopic
and elemental ratios are one-to-one functions of shielding
depth (e.g., Wieler 2002; Leya et al. 2004). Figs. 3a and 3b
show contour plots of 38Ar concentrations for Carbo and 4He/
21Ne ratios for Grant. Considering also the 3rd dimension,
contour lines represent shells of equal irradiation conditions
(similar particle spectra and flux densities). Consequently,
gradients perpendicular to the contour-shells (or contour lines
in 2D) point towards the preatmospheric center. Contour plots
of 4He, 20Ne, 21Ne, 22Ne, 36Ar, 36Ar/38Ar, and 4He/21Ne
indicate a consistent center location for Grant at 117 mm left

of the reference line and 9 mm below bar B (Fig. 3b). All
individual center locations agree within a 1σ uncertainty of
~15 mm. The new preatmospheric center location agrees well
with earlier estimates by Leya (1997, p. 346) but is
significantly different (~10 cm) from the center location
originally determined by Signer and Nier (1960) at ~165 mm
left from the reference line on bar F (see Fig. 3b). The same
procedure was used for Carbo which results in an average
center location of 120 mm right of the reference line and
15 mm above bar J. The 1σ uncertainty is ~25 mm (Fig. 3a).
The new preatmospheric center location is in good agreement
with an earlier estimate by Hoffmann and Nier (1959). A
correct preatmospheric center location is mandatory to
investigate the depth dependencies for production rates of
cosmogenic nuclides in iron meteorites. These data are of
major importance for the evaluation of the upcoming model
calculations.

We want to emphasize that the procedure described above
is based on stable isotopes only and therefore gives a “mean”
center location, i.e., the center location valid for most of the
lifetime of the meteoroid. For example, a breakup a few million
years before entering the Earth’s atmosphere would not be
detectable by this procedure because such an event would cause
only a very minor change in the noble-gas distribution.

Exposure Histories 

Using cosmogenic radionuclides it is possible to detect a
complex exposure history of a meteoroid. Radionuclides only
record information about the exposure conditions over a few

Fig. 2. Backscatter images of Grant (J-105, panel a) and Carbo (V-80, panel b). On both images kamacite (Ni-poor, dark area) and taenite
(Ni-rich, lighter area) can be clearly distinguished. Two different types of inclusions are visible: troilite (dark nodule) and schreibersite
(elongates and skeletal shape).
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half-lives. A discrepancy between the center location determined
from radionuclides and stable noble gas nuclides would thus
unambiguously indicate a complex exposure of the studied
meteorite. The radionuclide 10Be is particularly well suited
for such studies as it shows a strong depth dependency. From
literature 10Be data (Graf et al. 1987; Xue et al. 1995) we
determined a preatmospheric center location for Grant at 137 mm
left of the reference line on bar B. This location agrees well
with the one determined from noble gases, thus a complex
exposure for Grant is unlikely (see also Lavielle et al. 1999).
For Carbo only few radionuclide data with badly documented
sample locations were found in literature, which prevents a
definitive conclusion. 

Preatmospheric Geometries

With the new preatmospheric center locations for Grant
and Carbo and assuming a simple exposure, it is possible to
determine the geometry of both meteoroids by arranging our
data in so-called depth-profiles, i.e., concentrations and ratios
as a function of the distance from the center. For a spherical

object every point at the same distance from the center should
have the same gas concentration and isotopic/elemental ratio.
Figures 4a and 4b show measured 4He concentrations of the
different depth-profiles measured in Grant and Carbo,
respectively. All profiles agree within their uncertainties,
indicating a circular shape of the meteoroids in the 2
dimensions studied. Although we have no information about
the third dimension we consider it rather unlikely that Grant
and Carbo were extremely elongated in that direction,
because the probability of having cut the meteorites exactly
perpendicular to this axis is fairly low. Therefore, we assume
that Grant and Carbo were spherical objects for most of their
lifetimes.

Preatmospheric Radii

For a cosmogenic radionuclide in saturation the
measured activity equals the production rate, which depends
only on the size of the meteoroid, the shielding depth, and the
chemistry of the studied sample. Therefore, radionuclides can
be used to determine the preatmospheric radius of a

Fig. 3. Argon-38 contour plot for Carbo (a) and 4He/21Ne contour plot for Grant (b). The shaded circles show the preatmospheric center
locations, whereas their radius corresponds to the 2σ uncertainties, which is ~45 mm and ~30 mm for Carbo and Grant, respectively. 
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meteoroid if the center location and sample positions are
known. To do so we compared measured literature 36Cl depth
profiles of Grant and Carbo with modeled ones (Figs. 5a, 5b).
A detailed description of the model and further model
predictions for other cosmogenic nuclides will be given
elsewhere. We focus here on 36Cl, as its production rate is
only marginally affected by target elements other than Fe and
Ni and is therefore not compromised by inhomogeneous
target element distribution. Experimental 36Cl data for Grant
are from Lavielle et al. (1999); for Carbo we used data the
from Goel and Kohmann (1963) and Sammet and Herr
(1963). Figures 5a and 5b demonstrate that the best agreement
between modeled and measured data is for a preatmospheric
radius of ~32 cm for Grant and ~70 cm for Carbo.

Mineral Inclusions and Their Influence on Cosmogenic
Production Rates

Beside the major elements (Fe and Ni) iron meteorites
also contain other elements like S, P, and C, which can
influence the production rates for cosmogenic nuclides. The
most common mineral inclusions are troilite (FeS),
schreibersite ((Fe,Ni)3P), and graphite (C) (Mittlefehldt et al.
1998). The production of cosmogenic Ne from S is more than
an order of magnitude higher compared to production from Fe
or Ni (Begemann 1965; Levsky and Komarov 1974; Leya et
al. 2004). Consequently, in a Fe-Ni sample even 0.5% of S
increases the cosmogenic 21Ne concentration by about 20%,
an effect which has to be considered when studying iron

Fig. 4. Concentration of cosmogenic 4He for Grant (a) and Carbo (b). The samples are distinguished according to the different directions along
the center slice. The 4He concentrations agree well within their 2σ uncertainties, giving a consistent depth profile. Therefore, the
preatmospheric shapes of both meteorites are approximately spherical (at least in the 2 dimensions studied). From this result we also argue
that both meteorites were spherical objects most of their lifetime in space (see text).

Fig. 5. Comparison of modeled and measured 36Cl depth profiles assuming radii of 25–40 cm for Grant (a) and 50–100 cm for Carbo (b). The
measured 36Cl activities indicate a preatmospheric radius of ~32 cm for Grant and ~70 cm for Carbo.
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meteorites. The production rates of cosmogenic Ne from P are
poorly constraint. However, since P and S have similar mass
numbers, we expect similar Ne production rates for both
elements.

Considering that a typical sample for our noble gas
analysis has a volume of about 8–12 mm3 (50–100 mg),
troilite and schreibersite inclusions with grain sizes of a few
hundred microns can easily be overlooked during sample
preparation. Still, such small inclusions are big enough to
significantly increase the production of cosmogenic Ne (see
the Assumptions section). Since we observed a correlation
between high Ne concentrations and the 22Ne/21Ne ratios in
our samples, we suggest that it could be possible to correct the
data for S and P contributions.

NEON-21 CORRECTION FOR S- AND P-RICH 
INCLUSIONS

Assumptions 

The average 22Ne/21Ne ratio for meteoritic metal (93%
Fe and 7% Ni) is deduced from recent measurements of
artificially irradiated Fe and Ni foils (thin samples) is 1.02 ±
0.13 (Ammon et al. 2008). Experimental data from Leya et
al. (2004) from thick target simulation experiments give a
22Ne/21Ne ratio for Fe and Ni of 1.04 ± 0.04, i.e., within the
error identical to the data obtained from the thin targets. In
contrast, an average 22Ne/21Ne ratio of 1.21 ± 0.04 has been
calculated for troilites from 6 different iron meteorites
(Begemann 1965; Alexander et al. 1968; Fireman and De
Felice 1968; Schlotz 1977). For schreibersite a ratio of
1.19 ± 0.01 has been obtained using 2 different iron
meteorites (Begemann 1965; Levsky and Komarov 1974).

The finding that mineral inclusions and pure metal have
significantly different 22Ne/21Ne ratios enables to quantify
(and correct for) the amount of Ne produced in such mineral
inclusions. However, the procedure developed by us does not
allow distinguishing between contributions from troilite and
schreibersite. Therefore, for quantifying their contributions to
the total Ne amount only two 22Ne/21Ne endmember ratios
have to be known, one for pure S + P and one for a typical
meteoritic mixture of Fe + Ni.

Now the question is whether our procedure, i.e., the input
data, depends on the size of the meteorites and the shielding
depths of the studied samples or whether it is possible to
establish a size and shielding independent approach. The
22Ne/21Ne ratio in iron meteorites does not depend on the size
of the meteoroid and the shielding depth of the sample (see
Fig. 6), which is also confirmed by the data from irradiated
thin and thick targets. Therefore, we can conclude that the
endmember ratios (22Ne/21Ne)Fe + Ni and (22Ne/21Ne)S + P are
strictly valid, independent of the size and shielding conditions.
However, preliminary model calculations suggest that the
production rate ratio NeS + P/NeFe + Ni, which is another
important input-parameter in our approach, increases with
increasing radius and sample depth. However, this effect does
not affect the results (or has only a minor influence). Since the
22Ne/21Ne endmember ratios for S and P are rather well
defined using troilite and schreibersite data, the quality of our
approach to quantify the contributions from S- and P-rich
inclusions to the total Ne amount in iron meteorites crucially
depends on the 22Ne/21Ne endmember ratio for pure
meteoritic metal, i.e., without any inclusions, for which no
experimental data exist. An upper limit for the (22Ne/
21Ne)Fe + Ni ratio is given by the experimental data from Grant
and Carbo. For example, assuming (22Ne/21Ne)Fe + Ni >1.05,
more than one third of our samples would have 22Ne/21Ne
ratios below the limit for pure Fe + Ni, which then could not
be understood. A lower limit for the (22Ne/21Ne)Fe + Ni
endmember is given by the finding that a too low ratio results
in (numerically, according to our correction) depth
dependent contributions from S and P, which is unrealistic.
This limits the (22Ne/21Ne)Fe + Ni ratio to values larger than
1.02. For the final correction we use a value of 1.03 ± 0.02,
which is the average of the experimental data from thin and
thick targets (Leya et al. 2004; Ammon et al. 2008) and which
is well within the limits defined above. With the thus determined
(22Ne/21Ne)Fe + Ni ratio and production rate ratios NeS + P/
NeFe + Ni between 30–60 (which are average values for Grant
and Carbo) we obtain a 22Ne/ 21Ne endmember ratio for pure S
and P of 1.214 ± 0.004.

Correction of Neon from Sulphur and Phosphorus 

The measured Nem consists of Ne produced from Fe and
Ni (NeFe + Ni), and of Ne produced from S and P (NeS + P).
Therefore, NeS + P is given by:

Fig. 6. Cosmogenic 22Ne/21Ne ratios as a function of the distance
from the preatmospheric center for Grant and Carbo. The data clearly
indicate that the cosmogenic 22Ne/21Ne ratios show no dependence
on the shielding depth.
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(1)

The measured 22Ne/21Ne ratio RM varies with the
contributions from S and P in the sample. Since the
concentration of NeFe + Ni with a 22Ne/21Ne ratio of RFe = 1.030
and NeS + P with a 22Ne/21Ne ratio of RS = 1.214 is not known
we have to modify Equation 1:

(2)

With 22Nem = 21Nem × RM and 22NeFe + Ni = 21NeFe + Ni × RFe we
can write:

(3)

Thus, cosmogenic 21Ne concentrations corrected for
contributions from S and/or P are given by:

(4)

For the correction procedure assumptions are made only
for the 22Ne/21Ne ratios of Fe + Ni (RFe) and S + P (RS).
Consequently, the uncertainties introduced by the corrections
are dominated by the RFe, and hence the calculated RS values,
and are therefore hard to estimate. However, by varying the
input parameters within reasonable limits we estimated an
average uncertainty for the correction of about 10%.

Corrected 21Ne for Grant and Carbo

Figures 7a and 7b show corrected (solid symbols) and
uncorrected (open symbols) 21Ne concentrations for Grant
and Carbo, respectively. Both figures clearly demonstrate that
the corrections are significant, e.g., for one Grant sample up
to ~55% of the total measured 21Ne has been produced from S
and P. On average, ~20% of the total 21Ne is produced from S
and/or P and only ~80% is produced from Fe and Ni. The
correction also allows conclusions about the contribution of
S + P in a given sample. The average 22Ne/21Ne ratio of ~1.07
corresponds to the presence of about 0.5 wt.% S + P in a
typical sample of Grant and Carbo and therefore about 1–
2 vol% of troilite and schreibersite inclusions (which
corresponds to an inclusion of ~0.11 mm3 in a 8 mm3 sample).
This value seems to be realistic, since Mittlefehldt et al. (1998)
give a range of 1.4–6% S and 0.6–1% P for IIIAB iron
meteorites (e.g., Grant), including also visible inclusions. The
P content in IID iron meteorites (e.g., Carbo) is also about 1%.
Unfortunately Mittlefehldt et al. (1998) do not report any data
for the S content of IID irons but according to Buchwald
(1977) the S content of iron meteorites generally ranges from
0.02–12%. However, as a result of our correction procedure

outliers are significantly reduced and now fit well into the
overall systematics of the depth profile for Grant and Carbo
(Figs. 7a and 7b).

THE INFLUENCE OF THE 21Ne CORRECTION 
ON THE 41K/40K EXPOSURE AGES

We have demonstrated above that 21Ne contributions
from S- and/or P-rich inclusions are significant in Grant and
Carbo. However, these contributions can be reliably quantified,
which is of major importance for, e.g., the 41K-40K dating
method. This method is widely used to determine cosmic-ray
exposure ages for iron meteorites and it is based, among
others, on measured 4He/21Ne ratios. According to our new
results the 21Ne concentrations have to be corrected. The 4He
production rates, on the other hand, depend only minimally on
the chemical composition of the meteoroid (Leya et al. 2004),
therefore no corrections for 4He are applied. 

Here we will briefly summarize the 41K-40K system
developed by Voshage and co-workers (e.g., Voshage and
Hintenberger 1961; Voshage 1967; Voshage and Feldmann
1979). According to these authors, the experimental results of
the potassium isotopic measurements are summarized as
parameter M:

(5)

The parameter a is the isotopic ratio of terrestrial
potassium (41K/39K)norm. The production rates are summarized
as parameter N accordingly: 

(6)

Since the long-lived 40K (T1/2 = 1.28 Ga) is not in saturation,
its production rate cannot be measured directly (Voshage
1962). To overcome this problem, Voshage (1978) studied
38Ar, 39Ar, and 36Cl concentrations in 3 different iron
meteorites and assumed a similar behavior for the co-
produced potassium isotopes. Most importantly, he found, as
expected, that the production rates of potassium isotopes
depend on the size of the meteoroid and the shielding depth of
the studied sample. To correct for this effect, the shielding
parameter 4He/21Ne was introduced. The N value therefore
cannot be determined directly and will be approximated as a
function of the shielding parameter 4He/21Ne:

N = 1.346 + 0.000515 × 4 He/21Ne (7)

We want to emphasize that Equation 7 has been determined
by combining modeled production rates for He and Ne
performed by Arnold et al. (1961), which only consider Fe
and Ni as target elements, and experimental He and Ne data,
which were measured by Schultz and Hintenberger (1967). For
the latter, 21Ne contributions from S- and/or P-rich inclusions
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are significant but such contributions have not been
considered while deducing Equation 7. Consequently, some
inconsistencies exist when going from Equation 6 to
Equation  7. While the model predictions only consider Fe
and Ni as target elements, the experimental data used to adjust
the model, are compromised by contributions from S and P.
To obtain a consistent approach we corrected the 21Ne data
from Schultz and Hintenberger (1967) for contributions from
S- and/or P-rich inclusions as described above. The new
approximation of the N values (Equation 8) only considers
21Ne which was produced by Fe and Ni. Therefore all input
data to calculate exposure ages should be corrected
accordingly using slightly revised N values.

N = 1.345 + 0.000527 × (4 He/21Ne)corr (8)

Based on the M and N values the 41K-40K exposure ages TK
can be calculated via:

(9)

Where λ = 0.5476 × 10−9 is the decay constant of 40K (latest
value by Kwon et al. 2002) and TK is the exposure age of the
meteorite. Because Equation 9 cannot be solved analytically it
has to be rearranged to determine exposure ages:

(10)

Using M values for Grant and Carbo published by Voshage
and Feldmann (1979), we can determine corresponding N values
for exposure ages between 100 Ma and 1400 Ma. The

exposure age TK can then be plotted as a function of N (see
Figs. 8a and 8b for Grant and Carbo, respectively). Using
corrected 21Ne concentrations new N values are obtained for
Grant and Carbo and new cosmic-ray exposure ages can be
deduced from Figs. 8a and 8b, respectively. 

Note that the N value is a proxy for the K-production rate
ratios and is therefore depth dependent as expressed by the
dependence on the 4He/21Ne ratio. Consequently, for
determining an exposure age, the M and N values have to be
determined on the same sample or at least on samples with the
same shielding conditions. Unfortunately, Voshage and
Feldmann (1979) give no information for the 22Ne/21Ne ratios
of the samples they studied. To calculate new exposure ages
for Grant and Carbo using literature M values (Voshage and
Feldmann 1979), we therefore used our samples (all aliquots)
with uncorrected 4He/21Ne ratio similar to those measured by
Voshage and Feldmann (1979). Using our uncorrected
samples with an average 4He/21Ne ratio of 322, i.e., close to
the ratio of the samples studied by Voshage and Feldmann
(1979), results in an exposure age of 684 ± 63 Ma for Grant,
which is, as expected, identical within uncertainties to the age
of 695 ± 65 Ma given by Voshage and Feldmann (1979).
However, if we correct 21Ne for contributions from S- and/or
P-rich inclusions, the average 4He/21Ne ratio increases from
322 to 413, which gives an exposure age of 564 ± 78 Ma. The
corrected age is now closer to the 36Cl-36Ar-, 26Al-21Ne-, and
10Be-21Ne ages of 447 ± 9, Ma 500 ± 17 Ma, and 484 ± 12 Ma,
respectively (Lavielle et al. 1999). The new cosmic-ray
exposure age for Carbo of 725 ± 100 Ma is also lower than the
value of 850 ± 140 Ma given by Voshage and Feldmann
(1979). For this meteorite, unfortunately, the literature data
are highly variable, e.g., published 36Cl-36Ar ages are 350 ±
40 (Sammet and Herr 1963) 720 ± 50 (Vilcsek and Wänke

Fig. 7. Uncorrected (open symbols) and corrected (solid symbols) 21Ne depth profiles for Grant (a) and Carbo (b). Correcting contributions
from S- and P-rich inclusions eliminates outliers (Grant) and reduces the scattering (Carbo). The uncorrected data (open symbols) have an
average 2σ uncertainty of 6%. 
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1963), and 970 Ma (Goel and Kohman 1963). A summary of
all ages is given in Table 3.

The uncertainties of the corrected TK only depend on the
uncertainties of the N and M values (Equation 9). For the M
value we use the uncertainties given by Voshage and Feldmann
(1979). The uncertainties for the N values are about 14% and
are dominated by the uncertainties introduced by the 21Ne
correction procedure (~10%). This 10% uncertainty results
from the difference between the corrected 21Ne values by
changing the (22Ne/21Ne)Fe + Ni endmember from 1.02 to 1.05,
i.e., within the reasonable limits discussed above. The total
uncertainties for exposure ages are ~14% and are therefore
almost entirely given by the uncertainty of the N value. When
we calculate exposure ages and varying the (22Ne/21Ne)Fe + Ni
endmembers ratios between 1.02 and 1.05, the final results only

vary within the given 14% uncertainty, which gives confidence
in the quality of the uncertainty calculations.

CONCLUSION

Based on our new precise and consistent noble gas data
we determined the preatmospheric center locations, radii, and
geometries of the 2 iron meteorites Grant and Carbo. Doing
so, 30 aliquots of Grant and 31 aliquots of Carbo were
measured for their He, Ne, and Ar isotopic concentrations.
Combining the noble gas concentrations with radionuclide
data demonstrates that Grant most probably experienced a
single stage exposure history. For Carbo no such studies could
be performed due to the lack of radionuclide data.

We demonstrated that the production of cosmogenic Ne

Fig. 8. 40K-Texp/N plot for Grant (a) and Carbo (b). Such a plot enables to precisely determine the cosmic-ray exposure ages using the 41K/
40K-4He/21Ne dating system. Correcting contributions from S- and P-rich inclusions always increases the N value and therefore results in lower
cosmic-ray exposure ages.

Table 3. M values, corrected and uncorrected 4He/21Ne ratios, and corrected and uncorrected cosmic-ray exposure ages 
for Grant and Carbo samples (and their replicates) with similar uncorrected 4He/21Ne ratios as given by Voshage and 
co-workers.

Meteorite Sample M
4He/21Ne
uncorrected

TK  
uncorrected

4He/21Ne
corrected

TK  
corrected TCl-Ar TCl-Ar/TK

Grant B–230 1.8161 319 688 428 544 4472 0.82
Grant F–110 1.8161 319 688 363 629 4472 0.71
Grant F–165 1.8161 317 691 442 526 4472 0.85
Grant B + 5 1.8161 322 684 360 633 4472 0.71
Grant F–165 1.8161 334 668 474 486 4472 0.92
Grant average 564 ± 78 0.80
Carbo M+35 1.9401 401 839 453 770 7203 0.94
Carbo J + 41 1.9401 398 844 513 692 7203 1.04
Carbo M + 35 1.9401 305 971 530 670 7203 1.07
Carbo J + 41 1.9401 341 921 453 770 7203 0.94
Carbo average 725 ± 100 1.00
1Voshage & Feldmann (1979).
2Lavielle et al. (1999).
3Vilcsek & Wänke (1963).
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in iron meteorites is significantly influenced by small S- and/
or P-rich inclusions like troilite and schreibersite. Even small
inclusion which cannot be avoided while careful sampling
can contribute up to 55% to the total 21Ne concentration. For
Grant and Carbo we determined an average 21Ne contribution
from S and P of about 20%, which corresponds to an average
S and P concentration of about 0.5 wt%. Based on 22Ne/21Ne
ratios, which are assumed to be 1.030 for Fe + Ni and 1.214
for S + P, we corrected the 21Ne data for contributions from S-
and/or P-rich inclusions. After correction, outliers are
efficiently removed in the 21Ne depth profiles for Grant and,
in addition, the scatter in the Carbo depth profiles was
reduced significantly. Consequently, for a first time consistent
depth profiles for the production of 21Ne only from Fe and Ni
are given for iron meteorites.

Based on corrected 4He/21Ne ratios new 41K-40K
cosmic-ray exposure ages have been calculated for Grant
and Carbo. Even if the new 41K-40K ages are still higher than
those calculated using other age systems, i.e., 36Cl-36Ar,
10Be-21Ne, and 26Al-21Ne, the differences are now much
smaller. Consequently, the systematic discrepancies between
the 41K-40K ages and the 36Cl-36Ar ages, usually attributed
as long-term GCR variations (e.g., Voshage 1978, 1984;
Lavielle et al. 1999) are significantly reduced when considering
contributions for S and/or P-rich inclusions. However,
further work to rigorously prove or reject GCR variations is
currently performed.
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