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Abstract-The trapped noble gases Ar, Kr and Xe in several achondrites were analysed. We chose
separates of the lodranites Lodran and Graves Nunataks 95209 and bulk samples of the Tatahouine
diogenite, Pasamonte eucrite, five aubrites and two angrites. Among these, Lodran, Tatahouine,
Pasamonte and the aubrite Norton County have been reported to contain U-Xe, a noble gas component
assumed to be the most primitive component in the solar system. U-Xe might have been incorporated
into the early Earth. We found large concentrations of Xe in several separates of the Lodran lodranite,
however, none of the measurements revealed U-Xe composition. The Xe composition of all
achondrites can straightforwardly be explained with mixtures of trapped common Xe-Q, absorbed
air and various amounts of fissiogenic and cosmogenic Xe. Reanalysis of literature data for Pasamonte,
Angra dos Reis and some aubrites is consistent with Xe-Q as the trapped endmember component and
contributions of fissiogenic Xe. The presence of Xe-Q in many primitive achondrites is in agreement
with the formation of their parent bodies from originally chondritic precursor material. The Ar-Xe
elemental composition of Lodran and the aubrites indicate subsolar composition, which is commonly
found in E chondrites. This result supports a model of formation of the aubrites from E-chondritic

precursor material.

INTRODUCTION

The analysis of noble gases is an important approach to decipher
evolutionary mechanisms in the solar system. Understanding the
elemental and isotopic composition of reservoirs such as the Sun,
atmospheres and interiors of the planets, comets, interplanetary
dust particles and the components found in meteorites leads to a
better knowledge of the processes that have formed and altered
the bodies of the early solar system.

Whereas non-volatile elements occur in solar abundances
in primitive chondrites, the most volatile elements including
all noble gases are largely depleted in meteorites (Palme and
Beer, 1993). The isotopic composition of the noble gases in
meteorites is distinct from those of the Sun, as measured in the
solar wind, and the atmospheres and interiors of the planets
(Wieler, 2002). Many models deal with the composition of
noble gases in planets and the putative relation to solar,
meteoritic or cometary noble gases (e.g., [garashi, 1995; Owen
etal,1992,1999; Pepin, 1992, 2000; Porcelli and Pepin, 2000;
Zahnle, 1993). The nine stable xenon isotopes allow the
recognition of radiogenic and fissiogenic contributions that
might have accumulated since the formation of a planetary body,
and the determination of the fractionation that might have
occurred during gas trapping or loss (e.g., from primary
atmospheres). The initially incorporated Xe isotopic
composition in the Earth is essential to determine the amounts

of radiogenic 129Xe and fissiogenic 131-136Xe that originate
from the 3-decay of extinct 1291 and fission of 238U or extinct
244Pu. These numbers might help to constrain the timing of an
early (catastrophic?) outgassing event, the closure time for Xe
and the formation interval of the Earth (e.g., Ozima and Podosek,
2002; Porcelli and Pepin, 2000, and references therein).
However, the isotopic composition of the primordial (i.e.,
non-radiogenic and unfractionated) terrestrial Xe is not known.
Neon and possibly Ar in the terrestrial mantle are solar like
(Porcelli and Pepin, 2000). Starting accordingly with solar wind
Xe as initial terrestrial Xe, processes such as hydrogen-driven
hydrodynamic escape would lead to the observed terrestrial
atmospheric Xe, except for the isotopes 134Xe and 136Xe, which
would be overabundant relative to the observed atmospheric
abundances (Porcelli and Pepin, 2000). To account for the
contributions of fissiogenic and radiogenic Xe from the Earth's
interior, a primordial Xe composition ("U-Xe"—U stands for
"Ur", a German word for indigenous) depleted in 129Xe, 134Xe
and 136Xe has been suggested (Pepin and Phinney, 1978). The
isotopic composition was obtained by analysing in a
sophisticated manner the Xe compositions in meteorites, the
Sun and the terrestrial atmosphere. Interestingly, this particular
Xe isotopic composition has been independently deduced earlier
by extrapolation of Xe data in carbonaceous chondrites and
achondrites, respectively (Takaoka, 1972). Suggesting that this
composition is the original unaltered composition of the trapped
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noble gases in all stony meteorites, Takaoka named it "primitive
Xe". The isotopic compositions of "primitive Xe" and "U-Xe"
are given in Table 1. Acknowledging the first determination of
primitive Xe by Takaoka, we will nevertheless solely use the
expression U-Xe, because it has become more common.

Pure U-Xe composition has never been detected. However,
some experimental results indicate the possible presence of U-Xe—
in combination with other components—in meteorites of
different classes. Takaoka's determination of U-Xe is based on
the literature data of the aubrite Norton County, the eucrite
Pasamonte and the H5 chondrite Achilles (Pasamonte:
Hohenberg et al., 1967; Norton County: Munk, 1967; Achilles:
Rowe et al., 1965). Pepin and Phinney used a large data set
obtained by stepwise heating of Pasamonte (Hohenberg et al.,
1967) and the Angra dos Reis angrite (Hohenberg, 1970) to
confirm their endmember composition of U-Xe. Other
experimental evidence is rare: xenon isotopic data for some
temperature steps of the diogenite Tatahouine and mineral
separates of Lodran indicate U-Xe (Michel and Eugster, 1994;
Weigel and Eugster, 1994). Xenon in acid-resistant residues of
the IAB iron meteorite El Taco has been explained by a mixture
of fractionated U-Xe and fission Xe (Mathew and Begemann,
1995). Silicates in the Brenham pallasite might contain U-Xe
or solar wind Xe (Nagao and Miura, 1994). A low-temperature
step of the CM2 chondrite Murray seems to indicate U-Xe in
the heavier isotopes (Niemeyer and Zaikowski, 1980) and Xe
isotope correlations found in etched samples of this meteorite
lead to U-Xe composition (Jones et al., 1985). Finally, Mahafty
et al. (2000) found the Xe isotopic composition of the jovian
atmosphere to be in agreement with U-Xe. However, depending
on the normalising isotope (130Xe or 132Xe), the data are within
their large uncertainties (revised in Wieler, 2002) similarly
consistent with solar or meteoritic composition (Wieler, 2002).

It appears surprising that hints at the most primitive Xe
composition in the solar system were mostly found in
achondrites rather than in the less evolved chondrites. In the
following, we thus want to address the question of the
composition of the trapped heavy noble gases in achondrites
and its relationship to common chondritic components. We
discuss new measurements of the Ar, Kr and Xe isotopic and
elemental composition in bulk samples and separates of those
achondrites that have been reported to contain U-Xe.
Additionally, data for four other aubrites and two angrites are
presented. Furthermore, we reevaluate the analyses of the
trapped Xe composition in achondrites of previous studies.
Here, we will not discuss the composition of the noble gases in
ureilites, the second largest group of achondrites, because of
the similarity of the ureilitic noble gases with the Q-gases (see,
for example, Ott, 2002, and references therein). Preliminary
results of this work were published in abstracts (Busemann and
Eugster, 2000a,b). Cosmic-ray exposure ages of the aubrites
and the excesses of 80/82Kr due to the enhanced flux of
epithermal neutrons on the aubrite parent body are discussed in
more detail by Lorenzetti et al. (2002).

TABLE 1. The Xe isotopic composition of primitive Xe, U-Xe, Xe-Q and the average of gas-rich separates of Lodran.

136Xe/130Xe  Reference

126Xe/130Xe  128Xe/130Xe  129Xe/130Xe  131Xe/130Xe  132Xe/130Xe  134Xe/130Xe

124X /130X e

Takaoka (1972)

165.7 = 0.3 Pepin (2000)
191.5 = 0.5 This work

+8.1
-27

163.9

+11
-4

211
212.6 £ 04

38
16

604.7 % 0.6

595"

33

499.6 * 0.6

4907

50.83 £ 0.06
50.44 % 0.29

5.5

(2.623) 50.8"

(2.951)
2.928 + 0.010 2.534 + 0.013

Primitive Xe

6)

628.6 = 0.6

5025 1.0 608711 2285=*12

2.492 + 0.026 645.1 £ 2.5

Lodran separates, average* 2.76 = 0.04

195.4 = 0.7 Busemann ef al. (2000)

2563 £ 0.4 217.6 = 0.3 Basford et al. (1973)

505412 6175x13 2334=x08
521.3 0.8 660.7 = 0.5

643.7 £ 1.8
649.6 £ 0.9

50.78 = 0.17
47.15 = 0.07

2.810 = 0.016 2.505 = 0.013

2.337 £ 0.007 2.180 = 0.011

Q
Air

100).

See also Fig. 4. (130Xe

*Average of the six major steps with 132Xe concentrations >800 x 10-12 cm3/g (see Table 3).
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EXPERIMENTAL PROCEDURE
AND SAMPLE PREPARATION

All samples (Table 2) were analysed, wrapped in ~100 mg
Ni foil, in a Mass Analyser Products 215-50 mass spectrometer
equipped with an Ortec type 9xx counting system. We measured
several samples at 500-600 °C to release possible air
contamination separately, the major step at 1700 °C, and
additionally at 1730-1800 °C to check the completeness of the
gas extraction. Only the major steps of three metal-rich Lodran
samples and four Millbillillie aliquots did not reach complete
degassing at 1700 °C. In these few cases, the 132Xe
concentrations given in Tables 3 and A3 include the respective
132Xe concentrations of the re-extraction steps (2—17% of the
major release). One of the Fe/Ni-rich fractions of Lodran as
well as the silicate-rich fraction of Lodran and the Fe/Ni-rich
fraction of Graves Nunataks (GRA) 95209 were measured at
stepwise increasing temperatures between 500 and 1750 °C to
resolve possible compositional differences and to allow a
comparison of our results with earlier work (Weigel and Eugster,
1994). Tatahouine was also measured stepwise, similar to the
measurements of Michel and Eugster (1994). We performed
fewer steps than in the previous experiment in order to improve
the counting statistics. The gases, extracted in an all-
molybdenum crucible, were separated in Ar, Kr and Xe-rich
fractions with activated charcoal at temperatures of —196, —40
and +40 °C, respectively. Performance and linearity of the
digital system during the 2.5 years of measurements were
checked with 100-500 mg of our laboratory standard sample
(splits of the Millbillillie eucrite crushed to <750 um). The
new results are in agreement with each other (standard deviation
of the means of the isotopic ratios mainly <1% for Xe and <2%
for Kz, although terrestrial contaminations largely vary) and do
not show systematic deviations from measurements performed
earlier in our institute with the analogue technique or with results
given in the literature (Tables A1-A3 in the appendix). The
uncertainty of the sensitivity is assumed to be <15%. Mass
fractionation was determined by measuring Kr and Xe in (80—
500) x 10-8 cm3 of air. Relative to the isotopic composition
for Kr,;; and Xey;; given by Basford ez al. (1973), the average
mass fractionation for the Kr and Xe isotopic ratios range
between 0.2 and 0.9%¢/amu. The standard deviations of the
respective mass fractionation of <35% are included in the
uncertainties. Argon was measured with the Faraday cup. The
measurement of the 40Ar/36Ar ratio in air gave an average
mass fractionation of 0.0 * 0.3%/amu which was adopted
for 36Ar/38Ar. The Ar sensitivity depends on the total gas
amount and was determined with standard amounts of Ar
comparable to the Ar amounts in the samples, whereas the Kr
and Xe measurements of air did not yield significant non-
linearity of the sensitivity. The extraction temperature is
assumed to be correct within +150 K at low and 50 K at
high temperatures. Finally, the extracted gases were cleaned
with Ti at temperatures of 700 °C cooled down to ~300 °C,

1867

which was replaced in more recent measurements by SAES
ST101 pellets at 280 and 400 °C, and a SAES GP50 getter. Blanks
were determined by measuring Ni foils at appropriate
temperatures and typically amount to (in 10-12 ¢cm3 STP):
36Ar = 30, 84Kr = 0.3 and 132Xe = 0.2. This normally
contributes to <4, 10 and 5%, respectively, of the released 36Ar,
84Kr and 132Xe. Corrections exceeding these typical numbers
by more than a factor of 2 are marked in the tables. The
uncertainties (10) of the absolute concentrations given in the
tables include corrections for the amounts measured in the other
gas fractions, blanks and statistics. Uncertainties of the isotopic
ratios (1o ) include statistics, mass fractionation and blank
corrections. Most bulk samples were not crushed in order to
reduce air contamination. The lodranite separates were crushed
to a grain size <750 um, separated with a magnet and finally
handpicked (Table 2). A few metal-rich grains of Lodran were
etched for different periods in concentrated HF (Table 2).

RESULTS

The results are given in Tables 3—5 and A1-A3. All data
indicate mixtures of primordially trapped (tr), cosmogenic
(cosm), radiogenic (rad), fissiogenic (fiss) and atmospheric
noble gases. As a first step, we subtracted the cosmogenic
contributions. We used (36Ar/38Ar) 56m =0.65 + 0.02 (adopted
from achondrite data in Schultz and Kruse, 2000) and both
(36Ar/38Ar),, = 5.26 and 5.39 to obtain the 30Ar;; concentrations
(Tables 4 and Al). The uncertainty of 36Ar, covers both
choices. The values chosen for Ary includes air and Q
(Busemann et al., 2000) but not solar Ar, because the He and
Ne compositions do not indicate the presence of solar wind in
the samples (Lorenzetti et al., 2002; Michel and Eugster, 1994;
Terribilini ef al., 2000; Weigel et al., 1999). The calculated 36Ar,
is considerably uncertain because the cosmogenic 36Ar often
amounts to almost 100% of the measured 36Ar (Tables 4 and Al).

Cosmogenic Kr was corrected for via 86Kr/83Kr, assuming
the trapped Kir to be air or Kr-Q (Busemann ef al., 2000). The
uncertainty of 83Kr. ., covers both choices of the trapped
component. The cosmogenic production of 86Kr is not very
well known. We adopted the range (86K1/83Kr1) o = 0-0.015
(Marti et al., 1966; Marti and Lugmair, 1971). For the other
ratios (XK1/83Kr)¢sm We used the composition determined by
Marti et al. (1966) in the eucrite Stannern. For the aubrites
and angrites we determined new sets of average cosmogenic
Kr ratios according to the method described in Table A4 in the
appendix, acknowledging that especially the (78Kr/83Kr).0em
ratio strongly depends on the depths of the samples within the
meteoroids (e.g., Eugster er al., 1969). The resulting
concentrations of 84Kr, are given in Tables 5 and A2.

The corrections for Xe qsm are essential in order to obtain
pure Xe;; isotopic ratios in achondrites. Therefore, we discuss
here the corrections in more detail. We had to correct our
aubrite, angrite and Pasamonte data as well as the bulk literature
data for Pasamonte, Angra dos Reis and the aubrites except for
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TABLE 4. Ar concentrations and isotopic composition in bulk achondrites and mineral-rich separates of Lodran and Graves Nunataks 95209.

40Ar 36 A1/38Ar 40Ar/36AT 36At, 38ATcosm

(10-8 cm3/g) (10-8 cm3/g) (10-8 cm3/g)
Tatahouine 800 °C* 1.75 = 0.06 6.2 = 0.51 301 =15 0.0059 = 0.0003 b.d.
Tatahouine 1400 °C 4.65 x0.13 0.850 £ 0.010 1713 £ 2.7 0.0073 £ 0.0011 0.03058 = 0.00015
Tatahouinet 2.67 = 0.08 0.642 = 0.004 9.31 = 0.11 b.d. 0.4470 = 0.0020
Tatahouine chunks 800 °C* 1.86 = 0.07 47 x£03 3058 0.00598 = 0.00028  0.000176 = 0.000016
Tatahouine chunks 1400 °C 274 x1.2 1.04 = 0.04 169 = 4 0.069 = 0.009 0.1428 = 0.0008
Tatahouine chunks 13.2 £ 0.5 0.684 + 0.007 39.9 £ 0.3 0.019 = 0.017 0.4794 = 0.0021
Tatahouine powder 800 °C* 0.62 = 0.03 69 25 323 £ 21 0.00197 = 0.00016 b.d.
Tatahouine powder 1400 °C 6.0 = 0.7 0.75 £ 0.04 92 £ 3 0.010 = 0.008 0.0841 = 0.0004
Tatahouine powder 2.31 £0.12 0.634 = 0.003 7.24 = 0.06 b.d. 0.5050 £ 0.0022
Norton County [ 1047 = 103 0.95 = 0.04 908 = 30 041 £0.12 1.140 = 0.006
Norton County II 665 = 302 1.42 = 0.10 335+ 14 1.2 +09 1.165 = 0.008
Cumberland Falls 1075 = 115 21x04 367 = 16 23x03 0.925 = 0.010
Mount Egerton 390 = 6 1.857 £ 0.023 379 £ 6 0.762 = 0.025 0.411 = 0.004
Mayo Belwa 1600 °C 1543 = 332 1.0 £ 0.3 1527 = 279 0.42 = 0.29 0.901 = 0.005
Shallowater 1600 °C 1027 = 125 5.42 = 0.09 427 £ 0.5 24129 b.d.
Pasamonte 1345 = 167 0.66 £ 0.10 2131 = 53 b.d. 0.948 = 0.004
Lodran BE-551 Fe/Ni-rich-rich 118 £ 6 4.97 = 0.03 1.468 = 0.018 80 =4 1.22 £ 0.21
Lodran Fe/Ni-rich-rich 554 4.75 = 0.04 2.339 = 0.029 23.1 1.6 0.60 = 0.06
Lodran Fe/Ni-rich 2.5 h HF* b.d. 52206 b.d. 14 =13 0.05 = 0.04
Lodran Fe/Ni-rich 1000 °C* 7.7 2.1 2.38 £ 0.29 70 £ 4 0.091 = 0.030 0.0289 = 0.0004
Lodran Fe/Ni-rich 1200 °C 2.1 %220 3.56 = 0.07 1.209 = 0.019 b.d. 0.181 = 0.005
Lodran Fe/Ni-rich 1400 °C 2320 5.11 = 0.04 0.0797 = 0.0010 28 = 26 0.26 = 0.07
Lodran Fe/Ni-rich 1600 °C b.d. 1.51 = 0.03 b.d. b.d. 0.3324 £ 0.0025
Lodran Fe/Ni-rich 10 min HF 34 x 28 4.78 = 0.04 0.621 = 0.008 53 £ 44 1.32 = 0.15
Lodran troilite-rich b.d. 4.75 = 0.07 b.d. b.d. 0.70 £ 0.07
Lodran Fe/Ni-rich 40 min HF b.d. 4.79 = 0.03 b.d. 29 £ 16 0.69 £ 0.08
Lodran silicate-rich 1000 °C* 100 =7 4.0 £ 0.8 1228 = 57 0.077 = 0.007 0.00573 = 0.00023
Lodran silicate-rich 1200 °C* 127 24 2.68 = 0.19 889 £ 1.6 0.123 = 0.027 0.0300 = 0.0004
Lodran silicate-rich 1400 °C 584 5.06 £ 0.06 5.07 £ 0.07 11.3 £ 0.8 0.13 = 0.03
Lodran silicate-rich 1600 °C 23.8 £ 2.8 419 = 0.14 11.35 = 0.16 2.02 = 0.25 0.121 = 0.006
GRA 95209 Fe/Ni-rich 1000 °C* 433 £ 29 2.17 £ 0.18 4193 = 106 0.082 = 0.007 0.0321 = 0.0004
GRA 95209 Fe/Ni-rich 1200 °C* 104 = 7 1.20 = 0.10 869 = 28 0.062 = 0.009 0.0882 = 0.0005
GRA 95209 Fe/Ni-rich 1400 °C 504 1.45 = 0.06 184 = 4 0.170 = 0.021 0.1548 = 0.0011
GRA 95209 Fe/Ni-rich 1600°C  14.2 £ 2.2 1.61 = 0.04 413 £ 0.5 0.23 £0.05 0.1693 = 0.0013

*Blank correction >8% of the measured 36Ar.
tUncertainty probably accidentally low, given the 38Ar amount of only 1 x 10-11 ¢cm3 measured with the Faraday cup.

fWhen not given: release temperature = 1700 °C.

Abbreviations: GRA = Graves Nunataks; b.d. = below detection limit or uncertainty exceeding 100%.

Shallowater and Mount Egerton. Tatahouine, Lodran and GRA
952029 are less effected: using the Ba and rare earth element
(REE) abundances given in Table A6, production rates by
Eugster and Michel (1995), Hohenberg et al. (1981), and
Shukolyukov and Begemann (1996a), and a cosmic-ray
exposure age of 20 = 2 Ma (Eugster and Michel, 1995), we
can estimate the Xe.os abundance in Tatahouine. We obtain
126Xecosm = (2 £ 1) x 10-15 cm3/g and 130Xe oo, = (1.6 +
0.3) x 10-15 cm3/g in Tatahouine, which is 4-34% and 0.1-
0.9% of the totally measured 126Xe and 130Xe concentrations,
respectively. These values cannot be used to subtract Xecqsm,
because the Xe qsm distribution in the temperature steps is

unknown. Therefore, we determined Xe sy in Tatahouine, as
for all other samples, via a two-component decomposition that
is described below. The 124Xe/130Xe and 126Xe/130Xe ratios
for Tatahouine (not shown) are identical to air, except for steps
"Ta pow 8" and "Ta pow 17" (see Table 2). Accordingly, except
for the latter two steps, no other Xe abundances in Tatahouine
were corrected for Xe o5, For all measurements, 129-136Xe. oy
contributions are negligible. The 124Xe/130Xe and 126Xe/130Xe
ratios of Lodran, except for those of "Lo Si 16", indicate within
errors pure trapped components, in agreement with the large
trapped gas concentrations in Lodran and the cosmic-ray
exposure age of 7.7 + 1.2 Ma (Weigel er al., 1999). Less than
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~1% of the 126Xe and 0.1% of the 139Xe in bulk Lodran are
cosmogenic and thus only "Lo Si 16" has been corrected
(Table 3). Similarly, in the Fe/Ni-rich GRA 95209 separate, at
maximum 15% of the measured 126Xe and 0.4% of the 130Xe
can be cosmogenic, if we conservatively adopt the estimate for the
silicate-rich bulk sample with an exposure age of 6.8 + 0.6 Ma
(Terribilini ez al., 2000). Xeom in the 1200 and 1600 °C was
subtracted, the other two steps were not corrected (Table 3).

In general, cosmogenic Xe was subtracted using the
126X e ,sm concentrations (Tables 3 and A3) and Xe o Spectra
(Table A5). The latter are determined as follows: the main
target elements for the production of Xe.qsm are Ba and the
REE La, Ce and Nd. We calculated the Xe s, composition
for the different bulk samples with spectra given by Hohenberg
et al. (1981) obtained from Angra dos Reis, depending on the
Ba and REE concentrations (Table A6). The compositions of
Xecosm produced from Ba and the REEs, respectively, are

H. Busemann and O. Eugster

significantly distinct (Fig. 1). The resulting cosmogenic
compositions (Table AS) are schematically shown in Fig. 1.
Another approach to obtain Xe.,sm Spectra is to use model
calculations based on irradiation experiments of artificial
meteoroids (e.g., Leya et al., 2000 and references therein).
However, such experiments yielded so far only isotopic ratios
for Xe produced from Ba by irradiation with a monoenergetic
proton beam (Mathew et al., 1994). Thus, the resulting Xe
isotopic ratios (Table A5) do not represent the complex
irradiation conditions in space, nor take into account the Xe
production in REE (Table A5).

The concentrations of 126Xe.,m (Tables 3 and A3) were
separately determined via the 128Xe/126Xe and 130Xe/126Xe
ratios. Concentrations obtained with both methods agree within
5% for all samples with significant Xe.q, concentrations.
Cumberland Falls shows a neutron-induced excess of 128Xe
(see also Fig. 9 and Lorenzetti et al., 2002). Therefore, we

25 -

10 | :

3 (]

Pﬁ‘ba-Xe -— cosmogenlc Xe

Tapow 171

L I T I T

trapped Xe CE ) -

£ n . 4
0o o
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O uncorrected data
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1 3OX e /1 26xe

FIG. 1. Schematically shows the correction for Xe qsy. Decomposition of the measured abundances was performed using separately both the
128X /126X e and 130Xe/126Xe ratios. The cosmogenic endmember compositions (Table A5) are based on spectra given by Hohenberg et al.
(1981) and the target element concentrations as listed in Table A6. We determined 126Xe s for each possible trapped component U-Xe, air
and Xe-Q separately. The 126Xeqq, concentrations in Tables 6 and A3 are averages of all six possibilities. Samples that plot around air were
not corrected. Cumberland Falls was corrected using the 130Xe/126Xe alone due to n-induced excess of 128Xe.
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used the 130Xe/126Xe ratio only. Figure 1 shows the bulk data
obtained in this work. All measured data points plot between
the cosmogenic and trapped endmembers. The trapped Xe
composition is a priori unknown. We calculated 126Xe
separately for the three possible candidates air, Xe-Q and
U-Xe as endmembers with 128Xe/126Xe = 21.62/20.27/20.06
and 130Xe/126Xe = 45.87/39.92/39.46 for air/Xe-Q/U-Xe,
respectively. The 126Xe.qq concentrations given in this
manuscript are averages of the values obtained for both Xe
isotopic ratios and the three trapped components. The
uncertainties cover each of these six possibilities. The resulting
132Xe,, concentrations are given in Tables 3 and A3. The
corrections for Xe .oy amount to up to 98% of the measured
126Xe but to <4% of the measured 132Xe.

We do not correct the Xe isofopic composition for Xeg,
because fissiogenic contributions have been included in the
analysis by Pepin and Phinney (1978) and Takaoka (1972).
The spread of the Xe isotope data due to fissiogenic
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contributions allows extrapolating mixing lines for achondrites
towards the trapped composition (see below). Here, Pasamonte
and D'Orbigny, and to a lesser extent Sahara 99555 and
Millbillillie, show significant Xeggs concentrations (Tables 3
and A3). For the discussion of the element abundances we
subtract from the spallation-corrected data the 132Xey;
concentrations with (132Xe/130Xe), = 6.33 = 0.28. The large
uncertainty includes all three possible trapped Xe components.
The contribution of 84Krgs in all samples is <0.03% (0.5% for
D'Orbigny) of the non-cosmogenic 84Kr and thus negligible.
We used (86Kr/136Xe)siss = 0.019 = 0.005 (Lewis, 1975).

DISCUSSION OF THE NEW XENON DATA

Figures 2-6 show the Xe isotopic composition of the
samples analysed in this work corrected for Xe s, Where
necessary (Tables 3 and A3). Included are the data points for
air, Q and U (see Table 1 for references). Our new data scatter
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FIG. 2. 124Xe/130Xe and 136Xe/130Xe ratios as measured in Tatahouine and the separates of Lodran and GRA 95209. All Xe isotopic ratios are
consistent with mixtures of Xe-Q and absorbed terrestrial Xe. The gas-rich measurements of Lodran contain almost pure Xe-Q. The significant gap
between the measured data field and U-Xe composition suggests an endmember composition of the originally trapped Xe close to Xe-Q. Only "Ta
pow 8", "Tapow 17", "Lo Si 16", "GRA 12" and "GRA 16" were corrected for Xegosm (See Table 3). Abbreviations are given in Table 2.
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around the data points for Q and air. The data for the whole-
rock samples as well as the separates are not consistent with U-
Xe as the trapped component for all isotopic ratios. In particular,
there is a significant gap between U-Xe and the data fields
measured in this work, which suggests a discrete trapped Xe
endmember composition close to Xe-Q rather than a mixture
of U-Xe with other components. The main, gas-rich steps of
Lodran (Figs. 2 and 3; sec also Tables 1 and 3) indicate Q
composition. The less gas-rich measurements scatter around
Q and air composition due to some terrestrial contamination
and large statistical uncertainties. The sample set includes an
aliquot of "BE-551 Fe/Ni", one of the metal-rich separates of
Lodran identified by Weigel and Eugster (1994) as U-Xe-
bearing. Surprisingly, our analysis reveals the presence of Xe-
Q rather than U-Xe. The Xe isotope patterns of the six most
gas-rich Lodran steps (132Xe concentrations >8 x 10-10 cm3/g;
Table 3) and their average are plotted in Fig. 4, normalised to
Xe-Q (Busemann et al., 2000). All isotope ratios point to Q
composition. In Table 1, we give the average of the main Lodran

H. Busemann and O. Eugster

measurements with standard deviation. The trapped Xe in all
our samples of Lodran turns out to be—within 20—Xe-Q. The
small discrepancy between Xe-Q and the Lodran average in
134¥e and 136Xe might indicate some modification of Xe-
Q, which was determined mainly in carbonaceous chondrites,
due to some contamination with Xe-HL from presolar
diamonds.

Lodran is an especially gas-rich achondrite with Xe
concentrations almost reaching those in carbonaceous
chondrites. Surprisingly, the metal- and troilite-rich separates
contain high concentrations of trapped Xe, exceeding those
found in silicate-rich separates or bulk measurements (Kim et
al., 1995; Weigel, 1996; Zihringer, 1968). The unambiguous
identification of the probably secondary gas-bearing phase
failed. Kim ez al. (1995) suggested gas bubbles associated with
silicate inclusions within the metal. Here, we do not discuss
the gas-rich minerals in detail, because we cannot exclude that
the handpicked separates contain minor inclusions or intergrown
minerals of other material. However, we emphasize that all
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FIG. 3. 132Xe/130Xe and 136Xe/130Xe ratios in Tatahouine, Lodran and GRA 95209. All data suggest Xe-Q and terrestrial Xe rather than U-Xe

composition. See Fig. 2 for legend and labels.
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FIG. 4. Xenon isotopic patterns of the six most gas-rich Lodran measurements and their average (see also Tables 1 and 3), U-Xe (Pepin,
2000), air and solar Xe. All data are normalised to Xe-Q composition (Busemann et al., 2000). The average (listed in Table 1) agrees with
Xe-Q composition within 20 uncertainty. Cosmogenic Xe is negligible in all six measurements. Solar composition from Pepin ez al. (1995).

separates (silicate-rich, FeS-rich, metal-rich) contain within a
factor of 3 comparably large amounts of trapped Xe (Table 3),
indicating that the host of the trapped noble gases is widespread
and not exclusively related to a certain separate. This is
supported by the identical main gas release temperature of
1400 °C for the metal-rich and silicate-rich separates.

Rather speculatively we suggest that the matrix-related
carbonaceous carrier phase Q that originally was distributed
within the pre-metamorphic chondritic parent-body,
preferentially accumulated during metamorphism in the liquid
metal phase and thus led to an enrichment of the noble gases in
the metallic phases (see Vogel et al., 2002, for a comparable
mechanism during chondrule melting).

The Tatahouine samples contain only small amounts of
trapped Xe (Table 3) and even the major steps contain Xe that
is close to air in composition (Figs. 2 and 3). Different pieces
of Tatahouine (Table 2) were measured to verify our first results
(Busemann and Eugster, 2000a). We measured samples crushed
to powder, as a set of chunks and in a single piece to test possible
air contamination due to preparation in the laboratory.
Unexpectedly, the powder contains 1 order of magnitude less
(atmospheric) Xe than the less fine-grained samples, suggesting

that the terrestrial contamination has been introduced prior to
the sample preparation. Achondrites in general have proven to
trap significant amounts of air during weathering processes (e.g.,
Gilmour et al., 2001; Niedermann and Eugster, 1992;
Shukolyukov and Begemann, 1996b). Barrat ef al. (1998)
demonstrated the effects of 63 years of terrestrial weathering
on Tatahouine. The Tatahouine sample measured by Michel
and Eugster (1994) indicated U-Xe composition in the 1000
and 1200 °C steps containing ~30% of the totally released gas
(132X e 101 = (11-14) x 10-12 cm3/g). The Tatahouine chunks
contain a similar amount of terrestrial Xe (132Xe 1, = 16 x
10-12 ¢cm3/g), while the other two samples contain only ~2 x
10-12 cm3/g of 132Xe (see Table 6 for a comparison with other
diogenites).

The metal-rich separate of GRA 95209 (Figs. 2, 3 and 5)
was measured in similar steps as Lodran to test whether the
large concentration of Xe-Q in Lodran is typical for lodranites
in general. Excluding the 1000 °C step, which clearly contains
pure air (Fig. 5), the Xe concentration is ~10 to 40x smaller
than those in comparable Lodran separates (Table 3). A silicate-
rich separate of GRA 95209 was measured by Terribilini ez al.
(2000). The total 132Xe concentration of 180 x 10-12 cm3/g in
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the silicates (Table 6) is much lower than that found here for
Lodran but 3x larger than that measured in our GRA 95209
metal-rich separate (without the 1000 °C step). This indicates
that the enrichment of the trapped Xe in bulk Lodran and
especially in the non-silicate phases is not a general feature of
lodranites but can be attributed to certain conditions during the
formation of the metals of Lodran solely. The composition of
the 1400 °C step of the GRA 95209 metal-rich sample
suggests roughly Q composition within the rather large
uncertainties (Fig. 5), in agreement with the more precise
data of the silicate-rich separate (Terribilini et al., 2000) that
contains pure Xe-Q.

The metal-rich sample of GRA 95209 contains large
excesses of radiogenic 129Xe leading to a high 129Xe/132Xe
ratio of 15.5 in the 1200 °C step compared to only 6.0 in the
silicate-rich phase (Terribilini ez al., 2000}, whereas the 132Xe,;
concentrations in both separates are comparable. The excess
might allow dating the formation of the metal grains, assuming
that they consist of a single mineral phase. We therefore
performed a first analysis of some neutron-irradiated grains of
this sample in order to determine the I-Xe systematics (Whitby
et al., 2002). However, the severe weathering experienced by
this Antarctic meteorite led to almost completely rusty grains

which appears to have resulted in contamination with both
terrestrial Xe and I of the investigated samples (Whitby er al.,
2002).

The new Xe isotopic data for several other aubrites and
angrites are shown in Fig. 6. Here, all data had to be corrected
for Xecosm. The corrected data are consistent with mixtures of
small amounts of trapped Xe-Q, air and significant amounts of
fission Xe in Pasamonte, Sahara 99555, D'Orbigny, Millbillillie
and Norton County (see Fig. 8 for the off-scale data points of
Pasamonte and D'Orbigny). Again, the apparent gap between
the data and U-Xe composition suggests an endmember
composition close to Q. In particular, the data points for Norton
County, which has been reported to contain U-Xe, are consistent
with a mixture of Xe-Q or air and fission Xe. Shallowater and
Cumberland Falls contain pure Xe-Q. This most likely reflects
the distinct, non-brecciated origin of Shallowater from a
different parent body than the other aubrites and the abundant
chondritic fragments found in Cumberland Falls (Keil, 1989,
and references therein). The 132Xe, concentrations in
Shallowater and Cumberland Falls as measured here are 10—
50x higher than those in the other aubrites (Majo Belwa, Mt.
Egerton, Norton County, and Pefia Blanca Spring), which show
mixtures of Xe-Q and air (Tables 3 and 6). The variation of the
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TABLE 6. 132Xe concentrations and Xe isotopic composition (129Xe/132Xe excluded) in several bulk achondrites.

Sample Class 132Xe Xe isotopic Reference

(10-12cm3/g)  composition
Primitive achondrites
Yamato-74357 Lodranite 535 Air Takaoka et al. (1993)
Yamato-74357 Lodranite 48 £ 5 Air Nagao et al. (1995)
Graves Nunataks 95209 (silicates) Lodranite 180 = S1 Q Terribilini e al. (2000)
Yamato-74063 Acapulcoite 66500 = 6650 Q Takaoka et al. (1993)
Monument Draw Acapulcoite 1120 = 80 Q McCoy et al. (1996)
Acapulco Acapulcoite 460 = 80 - Palme ef al. (1981)
Mt. Morris Winonaite ~1000 Q* Garrison and Bogard (1997)
Winona Winonaite ~300 Q + air* Garrison and Bogard (1997)
Pontlyfni Winonaite ~200 Air* Garrison and Bogard (1997)
Divnoe Ungrouped 108 = 17 Q Weigel et al. (1997)
Divnoe Ungrouped  255/258 + 25 ~Q + solar wind  Shukolyukov et al. (1995)
Brachina Brachinite 55.5 225 Q Ott et al. (1993), quoted in Weigel et al. (1997)
Allan Hills 84025 Brachinite 354+ 09 - Ott et al. (1993)
Eagle Nest Brachinite 38/58 Air Swindle et al. (1998)
Lewis Cliff 88763 Brachinite 238 Q Swindle et al. (1998)
Achondrites
Cumberland Falls Aubrite 3 - Miura et al. (1999)
Majo Belwa Aubrite 9 Air Miura et al. (1999)
Mt. Egerton Aubrite 33 Air Miura et al. (1999)
Norton County Aubrite 5 Air Miura et al. (1999)
Peiia Blanca Spring Aubrite 4 Ailr Miura et al. (1999)
Kapoeta Howardite 360t Q Becker et al. (1998)
Petersburg Howardite 13.7 Air assumed Shukolyukov and Begemann (1996b)
15 eucrites Eucrite 7-517 Air assumed Shukolyukov and Begemann (1996b)
9 Yamato eucrites Eucrite 11-53 Air assumed Miura et al. (1993)
4 diogenites Diogenite 5-28 Air Michel and Eugster (1994)
Tatahouine Diogenite 127 £ 2.0 Air+U Michel and Eugster (1994)
Asuka 881371 Angrite 37 £ 21 - Weigel et al. (1997)
Lewis Cliff 86010 Angrite 31 £20 Air assumed Eugster et al. (1991)
Lewis Cliff 86010 Angrite 18.9 - Hohenberg et al. (1991)
Angra dos Reis Angrite 22.2 - Hohenberg (1970)

*QGarrison and Bogard compared the winonaites' Xe isotopic composition with AVCC-Xe, which consists of Xe-Q and Xe-HL, and concluded
that Mt. Morris indicates solar Xe. A comparison with Xe-Q reveals however that Mt. Morris contains pure Xe-Q and the other winonaites

a mixture of Xe-Q and air (or Xe-HL).

TIncludes possibly some solar wind Xe, sample contains solar wind He-Ar.

132Xe,, concentrations by a factor of ~40 in Cumberland Falls
(Tables 3 and 6) might be the result of varying abundances of
chondritic material in this aubrite.

The reason for the differing observations for Tatahouine
and Lodran in this and previous work remains unclear. A too
"pessimistic" overestimated blank correction would shift a
possibly present Q composition towards U. This is
demonstrated in Fig. 7 which shows the Lodran separate data
given by Weigel (1996). We overcorrected a hypothetical
mixture composed of 95% Xe-Q and 5% air (referred to 132Xe)
with 10-50% contributions of air. The results are given in the
figure, labelled with "Q-10%" and so on. In fact, the Lodran
data follow a trend towards a composition in linear extrapolation
of the Q-air mixing line rather than towards U-Xe (Fig. 7).

Some data even plot beyond the composition of U-Xe.
However, the absolute 132Xe amounts measured in these
samples, given as numbers (in 10-12 cm3) close to the data
points, do not univocally support this view. Large blank
corrections of up to 50% of the measured 132Xe, however, must
have been applied to explain the variations.

THE ORIGINAL OBSERVATIONS
OF U-XENON

In this section, we reevaluate the experimental evidence for
U-Xe found by Takaoka (1972) and Pepin and Phinney (1978).
We are going to conclude that all data presented by these authors
can be explained as mixtures of Xe-Q, air and fission Xe and
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do not indicate the presence of U-Xe. However, due to lack of
detailed information, we cannot give reasons for the
discrepancies. Takaoka's original paper describes the
extrapolation of achondritic and chondritic Xe isotopic data in
three-isotope-plots towards a common primitive trapped
composition. The achondrite data were corrected for Xegosm,
and form a mixing line including the fissiogenic Xe data point.
The intersection of this line with a second mixing line finally
determines U-Xe. The second, chondritic mixing line is based
on chondritic data including "Xe-H", a component originating
from presolar diamonds, solar wind Xe and common Xe-Q (see
Fig. 8). At the time of publication of that work, the origin of
Xe-H was not known. Now, the isotopic composition of this
chondritic component is well determined (Huss and Lewis,
1994) and we included it in our plots.

Takaoka's correction for cosmogenic Xe has not been
discussed in detail. We use the original data (Pasamonte:

Hohenberg et al., 1967; Norton County: Munk, 1967) and
correct them according to the procedure outlined above.
Interestingly, Takaoka used data from the HS chondrite Achilles
(Rowe et al., 1965) for the achondritic data fit. We do not
include this data point in our analysis, because of Achilles'
chondritic nature. Pepin and Phinney (1978) used the data sets
from stepwise heating of Pasamonte (Hohenberg ez al., 1967)
and Angra dos Reis (Hohenberg, 1970). They corrected the
data for cosmogenic Xe according to the method of Hohenberg
etal. (1967). This method includes the variation of cosmogenic
Xe isotopic ratios until the fits of the corrected non-cosmogenic
data points in Xe-three-isotope plots have reached best quality.
Pepin and Phinney used the cosmogenic ratios given in Table A5
(fifth column), which significantly disagree from the other data
sets for Pasamonte. According to the authors, after correction
the data set pointed to U-Xe composition and therefore
supported their theoretical determination of U-Xe. For
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comparison, we visually read off the coordinates of their
"achondrite correlation” line, shown in Fig. 8.

Here, we will use the spallation Xe systematics developed
by Hohenberg ef al. (1981) to correct for cosmogenic Xe
(Table A5). These data were not available at the time of the
determination of U-Xe. The newly corrected data for Pasamonte
and Angra dos Reis again form a mixing line between fissiogenic
Xe and a trapped component. However, our lines are slightly
shifted relative to that defined by Pepin and Phinney (1978)
(Fig. 8). All new fits are consistent with Xe-Q or air as the
trapped component and do not point to U-Xe. Figure 8 shows
the three lines fitting the data sets for Pasamonte, Angra dos
Reis and the bulk data for Pasamonte taken from Shukolyukov
and Begemann (1996b) and this work. The fits, though not
forced through the fission Xe data points, almost perfectly hit
this composition and thus indicate the reliability of the analyses.
The reason for the discrepancies cannot simply be the different
choice of the cosmogenic Xe spectra: starting with the same

126Xe . .sm abundances as given in Table 3 and using Pepin and
Phinney's (132Xe/126Xe).osm ratio, the trapped 132Xe/136Xe
ratios changes by <0.2%.

The inset of Fig. 8 shows the bulk data for the aubrites
corrected for cosmogenic Xe as determined by Munk (1967),
Rowe and Bogard (1966) and in this work. Unfortunately, the
database of Xe measurements in these achondrites is rather
small. The spread of the data is considerable and the U-Xe
endmember composition of the trapped Xe cannot be excluded
from this plot. However, we note that all data plot very close to Q
or air and thus leave a large gap to U-Xe. This indicates that the
trapped endmember composition is more likely to be close to Q.

U-XENON AND THE EVOLUTION OF THE
ACHONDRITIC PARENT BODIES

The suggested presence of the most primitive U-Xe in
achondrites and primitive achondrites of different classes,
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released at temperatures as low as 800 °C (Michel and Eugster,
1994) would have important implications for the origin of the
achondrites. Such diverse achondrites as aubrites (Norton
County), diogenites (Tatahouine), eucrites (Pasamonte), angrites
(Angra dos Reis) and lodranites (Lodran) would carry a
component that has not been observed in pure form in
chondrites. However, most models that aim to explain the
igneous formation of achondrites on their parent bodies start
with chondritic material that is altered towards achondritic

textures, chemical compositions and mineral assemblages. U-Xe
must have survived severe conditions on the different parent
bodies. These conditions include planetary processes such as
(1) differentiation of the largely or completely molten initial
Vesta at temperatures of ~1600 °C (howardite-eucrite—diogenite
group meteorites (HED) parent body; see review by Drake,
2001); (2) partial or complete melting of enstatite chondrite
material at ~1580 °C and possibly subsequent collisional
disruption (aubrite parent body; Keil, 1989); (3) partial melting
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of a chondritic precursor at temperatures of 950 to 1200 °C
(Acapulcoite—Lodranite parent body; McCoy ef al., 1996,
1997a,b); (4) crystallization from basaltic magmas of partially
melted carbonaceous chondrite-like material (Angrite parent
body; Mittlefehldt ez al., 2002).

Regardless of the Xe isotopic composition, all these
processes should lead to a significant loss of volatiles, as
indicated, for example, in the generally small concentrations
of trapped Xe in achondrites relative to chondrites, often
overprinted by absorbed terrestrial Xe (see Table 6). The
survival under such harsh conditions of significant amounts of
U-Xe in certain samples is implausible, while Q gases, that are
released between 1000 and 1600 °C (Huss et al., 1996), are
apparently absent in these samples but present in other
achondrites of the same classes (Table 6).

It appears surprising that those achondrites, formed by
crystallization of magma, still contain remnant primordial noble
gases atall. Primitive achondrites, residues from partial melting
processes, should more likely contain trapped gases. In fact,
this is the case for the lodranites, acapulcoites and winonaites
(Table 6). McCoy et al. (1996) suggested that the abundant
noble gases in acapulcoites reflect the efficiency of retrapping
of noble gases released during metamorphism. We infer from
GRA 95209 and Lodran that this process might be effective as
well for the lodranites. Possibly, Lodran experienced especially
suitable conditions with temperatures high enough to form
metal- and troilite-rich aggregates and low enough not to
completely lose the trapped Xe.

A plausible mechanism to explain U-Xe in achondrites
would be the formation of those achondrite classes mentioned
above directly from the cooling nebula, a controversial model
that has been suggested by Kurat (1988, 1990). However, this
model can not easily explain the well-established genetic link
of more primitive E chondritic precursor material and the
differentiated aubrites (Keil, 1989). Additionally, the lack of
other primitive constituents of the solar nebula such as presolar
grains, chondrules, calcium-aluminum-rich inclusions (CAls)
and volatile-rich matrix or at least their isotopic signatures in
achondrites does not support formation of these achondrite
classes directly from the nebula.

IS XENON-Q A MIXTURE OF XENON-H
AND U-XENON?

Although U-Xe may not be found in pure form in meteorites,
its possible presence in the Earth could imply that the established
meteoritic Xe components contain U-Xe. Based on stepwise
heating measurements and the comparison with data from acid-
resistant residues, Pepin and Phinney (1978) concluded that
the trapped Xe components in bulk carbonaceous chondrites,
which they identified as "Xe-H", "Xe-L" and U-Xe, already
represent mixtures of precursor components. The authors
suggested that these latter, more basic, components are
inseparable by thermal analysis but visible in the residues. Xe-H
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and Xe-L are enriched in the heavy and light Xe isotopes,
respectively, relative to the shielded isotope 130Xe. It turned
out later that the carrier phase of Xe-H (and Xe-L) is presolar
diamonds (Lewis et al., 1987). The second major carrier of
trapped Xe in acid-resistant residues from carbonaceous
chondrites is phase Q (Lewis ef al., 1975), a poorly defined
enigmatic carrier (see also Busemann et al., 2000; Huss ef al.,
1996, and references therein).

We argue that Xe-HL from presolar diamonds and Xe-Q
are sufficient to explain the data observed in bulk samples and
residues from carbonaceous chondrites. The especially uniform
occurrence of Xe-Q in different meteorite classes (Busemann
et al., 2000; Huss et al., 1996) and the simultaneous release
with He-Kr-Q suggests that Xe has not been mixed with
significant amounts of Xe-H or any other Xe component. Ina
few cases, a redistribution of the HL component into the Q
carrier during metamorphism has been observed (Huss et al.,
1996). This should result in the mixing of all noble gas elements
of the Q and HL component. The process is discernible, for
example, in the 20Ne/22Ne ratios intermediate between those
of Q and HL. However, on line experiments have proven the
uniform composition of Xe-Q and the general lack of Xe-HL
in these samples, suggesting that Xe-Q and Xe-HL in meteorites
are physically separable components with distinct compositions
and origins. There is no need for U-Xe as a precursor
component for meteoritic Xe. This does not exclude, however,
that Xe-Q is a mixture of Xe-H and fractionated U-Xe that has
been homogeneously mixed prior to the trapping into phase Q
(Pepin and Phinney, 1978). In an almost identical approach,
Lavielle and Marti (1992) suggested that Xe-Q in ordinary
chondrites, which they call OC-Xe, might be a mixture of
slightly fractionated solar wind and Xe-HL. However, both
models need the separability of Xe-H and Xe-L, which has not
been unambiguously achieved so far.

THE KRYPTON AND ARGON ISOTOPIC
COMPOSITION

The Kr isotopic composition of Q and air is fractionated by
only about 0.1-0.9%/amu relative to solar wind Kr favoring
the heavier isotopes. All three components are possible
constituents of the Kr in achondrites. However, the trapped Kr
concentration in achondrites is in general small (Table 5) which
leads to large statistic uncertainties while Krqy, significantly
contributes to the total Kr. The exact determination of the trapped
Kr component in achondrites is thus impossible in most cases.

The data points for the Lodran and GRA 95209 separates,
Tatahouine, Shallowater and Mount Egerton scatter around the
expected trapped compositions, whereas the data for the other
aubrites, the angrites and Pasamonte lie on a trapped-
cosmogenic-Kr mixing line (Fig. 9). Cumberland Falls and
Mayo Belwa show large excesses of neutron-produced 80Kr
and 82Kr. The spallation corrected data points for Shallowater
indicate Q composition, whereas Norton County after correction
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plots close to air. All other aubrites contain mixtures of Kr-Q
and air. Cosmogenic Kr and the n-induced production of 80Kr
and 82Kr in the aubrites and angrites are discussed elsewhere
(Eugster et al., 2002; Lorenzetti et al., 2002). All samples
except for Pasamonte contain measurable amounts of 84Kry;.
Especially large concentrations up to 3200 x 10-12 cm3/g are
found in the Lodran mineral separates. The concentrations
exceed those for 132Xe, and suggest that Xe has been trapped
together with Kr. This implies that the arguable U-Xe in Lodran
would be accompanied by "U-Kr".

The Ar isotopic composition in most of our measurements
is dominated by cosmogenic 36Ar and 38Ar (36Ar/38Ar < 2;
Tables 4 and A1) and radiogenic 40Ar. 36Ar/38Ar ratios larger
than ~2 indicate some trapped Ar. This is the case for the 800 °C
steps of Tatahouine and Cumberland Falls, Shallowater and all
Lodran separate measurements. Argon in the 8§00 °C steps of
Tatahouine is air, as implied by the 40Ar/36Ar ratios and the
low 36Ar concentrations <1 x 10-8 cm3/g in these steps. This

is in agreement with the Xe isotope observations. The aubrites
and Lodran separates contain significant 36Ar;, concentrations
of (1-80) x 10-8 cm3/g. The abundant trapped Kr and Xe
concentrations in the Lodran metal-rich separates are
accompanied by abundant trapped 36Ar.

Surprisingly, the GRA 95209 Fe/Ni-rich sample contains
radiogenic 40Ar leading to 40Ar/36Ar ratios up to 5100 after
correction for spallogenic Ar. Most of the 40Ar is released at
1000 °C slightly earlier than the radiogenic 129Xe at 1200 °C.
The 40Ar concentration in the Fe/Ni-rich separate is only 3—5x
lower than that in the silicate-rich samples measured by
Terribilini et al. (2000). This is too much 40Ar.,4 to be
explainable with silicate inclusions within in the magnetic
separate. We therefore infer that both radiogenic isotopes 40Ar
and 129Xe are enriched in a mineral—or distinct minerals—
associated with the metal. The earlier release of 40Ar,, 4 relative
to 129Xe might be the result of the larger retentivity of Xe within
a common carrier or it may indicate different carriers.
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THE ELEMENTAL COMPOSITION

Finally, we discuss the elemental abundances of Ar and Kr
relative to Xe. The discoverers of U-Xe did not discuss lighter
noble gases that possibly accompany U-Xe. Nevertheless, a
comparison of the trapped Ar/Xe and Kr/Xe ratios in the
analysed achondrites with observations for chondrites (see, for
example, Busemann et al., 2000; Patzer and Schultz, 2002)
might show hints at an additional (U-) Xe component (Fig. 10).

As already mentioned, the correction for 36Ar, often
results in uncertainties of almost 100% for 36Ary,.. For reasons
of clarity, we thus do not show error bars in Fig. 10 and excluded
data with uncertainties exceeding 100%. Nevertheless, Fig. 10
shows interesting trends. Most of those samples that contain
large trapped gas concentrations (Lodran gas-rich samples) or
only little terrestrial contamination (Cumberland Falls,
Shallowater) plot close to a mixing line between the typical Q
range (Busemann et al., 2000) and the so-called subsolar
composition. Subsolar gases (Crabb and Anders, 1981) have
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elemental and isotopic compositions intermediate between solar
wind and Q gases. Q gases are strongly depleted in the lighter
element or isotope relative to a heavier one when normalised
to solar composition (Busemann et al., 2002; Crabb and Anders,
1981). The subsolar gas composition of Ar-Xe is best
represented in the E-chondrite South Oman (Crabb and Anders,
1981). The presence of subsolar gases in aubrites is easy to
understand, because both aubrites and E chondrites accreted
from similar E-chondritic precursor material (Keil, 1989).
Therefore, we possibly measured some of the subsolar gas that
remained after metamorphism. The Xe isotopic composition
of our samples is close to Xe-Q, whereas the subsolar Xe
isotopic composition might be, within large uncertainties, close
to solar (Ott, 2002).

The samples of which the Xe isotopic composition already
indicated terrestrial contamination such as Norton County,
Tatahouine, GRA 95209 and the less gas-rich samples of Lodran
almost exclusively plot, within the large uncertainties of their
Ar/Xe ratios, close to or below the Q-air mixing line. Data

1!3 L L] L) Ll ] 1 ] ) I L L L] L l L) 1
12 L ® Millbillillie CF + 7
L ®  Aubrites 1
11 - A Angrites ) J
L O Lodran : {
1.0 - O Tatahouine : _
| A GRA 95209 I .
09 v Pasamonte ! n-induced =
: | eXcess i
0.8 : -
- cosmogenic : c
E 0.7 [~ range 1 ml
® - ¥ .
% 0.6
c::! 0.5
(=]
0.4
0.3
0.2
0.1
0.0 [ 1 1 1 1 | 1 1 1 | 1 L L 1 | 1 1 j
0.0 0.5 1.0 1.5

®Kr/PKr

FIG. 10. The elemental composition of all samples after subtraction of the cosmogenic noble gases suggests that Lodran (gas-rich measurements)
and the aubrites—in agreement with their close relation to the E chondrites—contain subsolar noble gases. The Millbillillie eucrite probably
carries a trapped component more fractionated relative to Xe-Q or solar, while the gas-poor samples clearly trapped absorbed fractionated air.
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points below this mixing line indicate the preferential absorption
of terrestrial Kr and especially Xe. This effect has already
been observed, for example, for weathered E and C chondrites
(Crabb and Anders, 1981; Scherer and Schultz, 2000). The
gas-rich Millbillillie samples also plot in the region below the
Q-air mixing line. Samples #9 and #13 contain significant
amounts of terrestrial contamination (Table A3 and Fig. 10),
Xe in samples #2 and #4, however, do not indicate terrestrial
contamination (Table A3). Their low Ar/Xe ratios could
therefore hint at a different element composition of the originally
trapped noble gases. The diogenite Tatahouine and the angrites
are also "depleted" in Ar relative to Xe in Lodran or the aubrites,
which thus could be a common property of the HED and angrite
parent bodies. No data point plots to the lower left of the typical
Q range, which suggests that there is no additional Xe
component such as U-Xe.

CONCLUSION

Notwithstanding the "terrestrial Xe problem", which
allows—or requires—the primitive U-Xe once incorporated into
the accreting Earth (Pepin, 2000; see also Igarashi, 1995 for
contrasting opinion), we conclude that achondritic meteorites
do not indicate the presence of this Xe component. All data
measured in this work and the measurements used to support
the presence of a primitive Xe component other than Xe-Q in
achondrites can straightforwardly be explained by mixtures of
residual or retrapped Xe-Q, terrestrial Xe, and contributions of
cosmogenic and fissiogenic Xe. The discrepancies observed
cannot simply be the result of the use of a distinct set of
cosmogenic Xe spectra. The striking gap between all data
scattering around Xe-Q (or air) composition and U-Xe indicates
that the compositions are not the result of mixtures of presolar
Xe-H and U-Xe. The uniform occurrence of Xe-Q in different
chondritic and achondritic meteorite classes and the
homogeneous mixture with the other lighter noble gases
suggests that Xe has not been mixed, independently from the
other gases, with significant amounts of presolar Xe-H. Noble
gases of Q composition must have been available during the
accretion of the chondritic and achondritic parent bodies in
similar composition. The Q composition is thus not the result
of fractionation during metamorphism or loss of the early
atmospheres on different bodies located throughout the asteroid-
forming region of the solar system. However, this does not
exclude the possibility that the Xe-Q composition might have
established prior to the trapping in phase Q (e.g., in the molecular
cloud) by mixing of fractionated solar Xe and Xe-HL. The
conclusion that achondrites contain trapped Xe of Q
composition but no U-Xe sets constraints on the precursor
material of the Earth. The primordial noble gases in the Earth
resemble solar composition (or, in the case of the Xe isotopes,
the closely related U-Xe). Consequently, the precursor material
of the Earth was not mainly achondritic.
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APPENDIX

TABLE Al. Ar concentrations and isotopic composition in Millbillillie and two angrites.

40Ar 36Ar/38 Ar 40AT/36Ar 36Ar, 38ATeosm
(10-8 cm3/g) (10-8 cm3/g) (10-8 cm3/g)
Millbillillie #1 (8/1999) 1345 = 188 0.670 = 0.012 542 = 11 b.d. 3.684 = 0.016
#2 (8/1999) 1259 = 134 0.725 = 0.028 504 = 20 0.29 £ 0.29 3.388 = 0.015
#3 (9/1999) 1282 = 126 0.688 = 0.013 520 = 10 b.d. 3.548 = 0.016
#4 (4/2000) 1065 = 103 0.727 = 0.007 504 =7 0.25 £ 0.22 2.860 = 0.013
#5 (7/2000) 1274 = 216 0.729 = 0.012 5029 b.d. 3.417 = 0.016
#6 (7/2000) 1287 = 227 0.714 = 0.009 5178 b.d. 3.441 = 0.016
#7 (7/2000) 1260 = 223 0.717 £ 0.011 5089 b.d. 3412 = 0.015
#8 (2/2001) 1534 = 1569 0.701 = 0.012 543 £ 8 b.d. 3.983 £ 0.018
#9 (7/2001) 1549 + 213* 0.988 + 0.038* 455 = 11* 1.3 x0.5 3.192 = 0.017
#10 (7/2001) 1322 = 181 0.698 = 0.006 516 £ 6 b.d. 3.636 = 0.016
#11 (12/2001) 1170 = 119 0.667 = 0.013 554 x7 b.d. 3.154 = 0.014
#12 (1/2002) 1204 = 124 0.672 = 0.014 542 7 b.d. 3.290 = 0.014
#13 (1/2002)F 1342 + 141* 1.003 + 0.030* 491 = 4* 1.09 = 0.29 2.519 = 0.014
Average 1273 = 35 0.701 = 0.007 520 £ 6 b.d. 3.35 £0.10
Bern analog 19951 1383 = 120 0.662 = 0.010 557 =10 - -
Bern analog 1996-2000§ 1309 + 20 0.66 = 0.04 556 =2 - -
Sahara 99555 268 = 90 0.984 = 0.010 151.2 20 b.d. 1.669 = 0.009
D'Orbigny 57+3 0.679 x= 0.005 335+04 b.d. 2.486 = 0.011

*Large atmospheric Ar contributions, excluded from average calculation.

fFusion crust.
fAverage of four measurements (Eugster and Michel, 1995).

§Average of eight measurements with the MAP 215 mass spectrometer and analogue technique (Terribilini, 2000).
b.d. = below detection limit.
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