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Xenon in Carbonaceous Chondrites
Carbonaceous chondrites contain two isotopically distinct components of
trapped xenon which cannot be explained by the occurrence of nuclear or
fractionation processes within these meteorites.
Reynolds and Turner1 reported enrichment of the heavy xenon isotopes in the gases
released from the carbonaceous chondrite, Renazzo, at 700°-1,000° C. Subsequent
studies of xenon in other carbonaceous chondrites have confirmed the existence of a
“Renazzo-type” anomaly2-7, and it has been suggested that the excess heavy xenon
isotopes may result from the spontaneous fission of 244Pu (ref. 1), from neutron-induced
fission2, from a “carrier” of heavy xenon adsorbed on carbonaceous material5, from
fission of superheavy elements8-11, or from mass fractionation12.
In reviewing the available data on xenon released from carbonaceous chondrites by
stepwise heating, we recently noticed an enrichment of the light xenon isotopes in the
temperature fractions (≈ 600°-1,000° C) which also show an enrichment of the heavy
xenon isotopes. Table 1 shows isotopic data for carbonaceous chondrites at those
extraction temperatures showing the most spectacular enrichments of the heavy xenon
isotopes. The isotopic composition of xenon in air13 and that of the total trapped xenon in
average carbonaceous chondrites14, 15 (AVCC) are shown for comparison.

In Table 1 the xenon from carbonaceous chondrites is shown in the order of increasing
enrichments of the heavy xenon isotopes. This arrangement of the xenon data also
corresponds to an increasing enrichment of the lighter xenon isotopes. The absence of
any significant spallation contribution to the light xenon isotopes in the “Renazzo-type”

anomaly is indicated by the fact that all of the observed 124Xe/126Xe ratios are higher than
that in AVCC xenon, whereas all known spallation reactions yield 124Xe/126Xe ratios16, 17
that are lower than the 124Xe/126Xe ratio in AVCC xenon.

Fig. 1 Correlation observed between enrichments of 124Xe/130Xe ratios and
136
Xe/130Xe ratios in carbonaceous chondrites which exhibit the “Renazzotype” anomaly. The isotope data for air (A); AVCC (V) and solar (S)
xenon are from Nier13, Marti14, Eugster et al.15, and Kaiser20, respectively,
and the isotope data from stepwise heating of carbonaceous chondrites are
from Reynolds and Turner1, Manuel et al.6, Rowe5 and Manuel et al.7.

Fig. 1 shows the observed correlation of the 124Xe/130Xe ratios with the 136Xe/130Xe ratios
in these carbonaceous chondrites and the correlations expected from mixtures of AVCC
xenon with products from fission or from spallation reactions. The pattern expected from
mass dependent fractionation is also shown. It appears from the data in Table 1 and Fig. 1
that the observed correlation cannot be accounted for by any of the previously proposed
mechanisms. Fission induced by bombardment at high energies yields both neutron- rich
and neutron-poor isotopes of xenon, but it has been shown18 that the yields of the
neutron-poor isotopes from this process are like those from spallation reactions – high
energy induced fission produces a 124Xe/126Xe ratio smaller than that in AVCC xenon.
We know of no plausible in situ nuclear process which could produce the observed
enrichment of the lightest and heaviest isotopes of xenon. Further, the high degree of
correlation of 124Xe/130Xe with 136Xe/130Xe (98%) seems to rule out any accidental
mixture of in situ produced enrichments of the heaviest and the lightest isotopes. We
therefore conclude that the “Renazzo-type” anomaly is due to an isotopically distinct
component of xenon (hereafter referred to as X) which has been incorporated into the
carbonaceous chondrites. The correlations for the xenon isotope ratios seen in Table 1
and Fig. 1 are then the result of mixtures of AVCC xenon with this component X.
It has been suggested that atmospheric and solar-wind implanted xenon are related by
isotopic mass fractionation19, 20. The dashed line through atmospheric xenon in Fig. 1
shows the effect expected from Aston’s equation21 for diffusive fractionation. Also shown
is a recent estimate of the isotopic composition of solar-wind implanted xenon obtained
from analysis of lunar soils20. The shift of AVCC xenon from the fractionation line
relating atmospheric and solar xenon suggests that AVCC xenon may contain a small
component of X.

Properties of Anomalous Xenon
The xenon released from Allende at 800° C contains a higher percentage of X than does
any other xenon reported to date. We therefore use this to seek information on the relative
abundances of the isotopes and possible origin of component X. From the data shown in
Table 1 it appears that X shows the greatest enrichment in the lighter isotopes, 124, 126Xe,
and the heavier isotopes, 134, 136Xe, relative to 130Xe. These are the isotopes expected to be
produced in supernova explosions22, the 124, 126Xe isotopes by the p-process and the
134, 136
Xe by the r-process. Thus, it is possible that X in carbonaceous chondrites
represents material that has been added to our solar system from a nearby supernova,
although no evidence for the addition of products from a separate nucleosynthesis event
has been found in the other elements.
To look for a more quantitative relationship between X and xenon in the Earth’s
atmosphere, we employ the method of Canalas et al.23 to compute a fractionation factor,
Fm, for each xenon isotope.
Fm = (iXe/ 130Xe)Met/(iXe/ 130Xe)Air

(1)

Fig. 2 A comparison of the abundance pattern of xenon isotopes from the 800°
fraction of Allende7 relative to the abundance of xenon isotopes in the
atmosphere13. The dashed line shows the mass fractionation effects
calculated from Aston’s equation 21 for diffusive gas loss.
Fig. 2 shows the values of Fm for the xenon isotopes released from Allende at 800° C.
The values of Fm for the light isotopes, 124-130Xe, decrease in a regular manner with
increasing mass number, but the Fm values for the heavier isotopes, 131-136Xe, show an
irregular pattern with increasing mass number. The pattern seen across the lighter xenon
isotopes is suggestive of mass dependent fractionation, a process which has recently been
recognized as the source for many isotopic anomalies of noble gases6, 7, 12, 24-26. The
dashed line in Fig. 2 shows the pattern expected across the fractionation factors, Fm, if

atmospheric xenon and X are related by the diffusive gas loss equation of Aston21. The
dashed line corresponds to a volume change in xenon of ≈ 3 × 107. The abundance
pattern of the lighter isotopes, 124-130Xe, fits Aston’s equation and there remains an excess
of the heavier xenon isotopes in the ratio 131Xe: 132Xe: 134Xe: 136Xe = 0.30 ± 0.11 : 0.58 ±
0.14 : ≡ 1.00 : 1.41 ± 0.10. Thus, the correlation shown in Fig. 2 suggests that the X that
has been incorporated into carbonaceous chondrites can be related to atmospheric xenon
by a combination of isotopic mass fractionation plus some process which produced the
heavy xenon isotopes in the above ratio.

Possible Sources of X
The suggestion that meteoritic and atmospheric xenon may be related by a mixture of
fission and fractionation dates back to Reynolds’s discovery27 of anomalous meteoritic
xenon in 1960. This view is widely accepted, and several investigators1-5, 14, 15, 28, 29 have
noted that the xenon in carbonaceous chondrites may contain a fission component with
yields similar to the excess heavy xenon isotopes calculated above for the 800° fraction
of Allende. Earlier workers have not noticed the correlation of excess heavy and light
xenon isotopes, which suggests that the anomalies of X were not produced in situ but
were present when the xenon was incorporated into the meteorites.
Because X and solar-wind implanted xenon are released from meteorites at about the
same extraction temperatures19, it appears that X may have been implanted from an early
solar wind. The xenon implanted by the solar wind in lunar soils is not as enriched in the
light isotopes as is X. Changes in the fractionation of noble gas isotopes in the solar wind
may be expected, however, because there is evidence for time variation in the degree of
fractionation of gases presently reaching the lunar surface30.
The origin of excess 130-136Xe in X is more difficult to explain by current theories of the
early solar system. Pepin2 noted that the pattern of excess 130-136Xe in carbonaceous
chondrites resembled that produced by a high flux of thermal neutrons on 235U, but he
concluded that the absence of detectable neutron-capture anomalies in the rare earths of
meteorites left no satisfactory explanation for the excess heavy xenon isotopes. A thermal
neutron flux of ≈ 2.8 × 1013 neutrons cm-2 s-1 on 235U would produce 131Xe : 132Xe : 134Xe
: 136Xe = 0.36 : 0.54 : 1.00 : 1.41, in agreement with the yields calculated above for X. As
we have shown that this enrichment of heavy xenon isotopes is not produced by in situ
nuclear processes, the absence of neutron-capture anomalies in the rare earths is no
longer an obstacle to this model. Also because of the large thermal neutron capture crosssection of 135Xe, a high thermal neutron flux would yield a large 136Xe : 134Xe ratio for
the induced fission of any transbismuth nuclide. An early deuterium burning stage in the
outer region of the Sun or the irradiation of planetary material prior to accretion into
planetary bodies, as proposed by Fowler et al.31, are possible sources of the neutrons.
In summary, the enrichment of heavy xenon isotopes released from carbonaceous
chondrites near 600°-1,000 C is accompanied by an enrichment of the light xenon
isotopes. The high degree of correlation between these two isotopic anomalies suggests

that both result from a common source. Because no known nuclear or physical process is
capable of producing both anomalies in situ, we suggest that they result from the release
of isotopically anomalous xenon (component X) that was trapped in the meteorites.
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