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Abstract

The exact location of planetary noble gases in meteorites remains unknown but it is inferred to be closely associated
with, if not precisely some portion of, the macromolecular organic material in carbonaceous chondrites [1]. Herein we
show that for enstatite chondrites the major carbonaceous component is not the carrier of the gases. This may also be
true for other chondritic groups. Rather, these gases are all contained in a minor combustible constituent. This
situation has all the hallmarks of a Russian matryoshka doll problem, as was witnessed previously in the study of
meteorites prior to the understanding of the presence of presolar grains. A possible conclusion, which is in line with
previous suggestions [2,3], is that planetary noble gases are also presolar and located in a new, and as yet unidentified,
form of presolar material. 1 2002 Elsevier Science B.V. All rights reserved.

Keywords: meteorites; carbon; nitrogen; noble gases; isotopes; combustion

1. Introduction

The noble gas component known as ‘planetary’
(PNG, for planetary noble gases), which is also
referred to as ‘Q’ [1] or P1 [4], is usually one of
the most abundant primordial noble gas constit-
uents found in primitive meteorites. The origin of
PNG is still not completely understood [5^7], but
it is generally accepted that they were acquired
during the birth of the Solar System (e.g. [8^10])
or possibly earlier [3]. The PNG are present in
variable amounts in almost all types of chondritic

meteorites [11^14] and some ureilites [15^17], and
are closely associated with meteoritic carbon
[1,18^20]. Isotopically, the PNG are similar to,
but nonetheless characteristically di¡erent from,
those in the Sun [9], which we will refer to as
SNG (for solar noble gases). Compared to the
SNG, the PNG are strongly and systematically
depleted in the light elements [7]. The most ob-
vious isotopic di¡erences between PNG and SNG
are observed for Ne and Xe. The di¡erences sug-
gest that PNG could have formed from SNG as a
result of isotope and element fractionation [9]. At
present, the most generally accepted incorpora-
tion mechanism is the sorption of PNG onto the
surfaces of carbon grains at low temperatures
[21,22]. It is thought that this material was then
sampled by the accreting meteorite parent bodies.
It is not possible to exclude, however, the possi-
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bility that trapping of PNG into their carrier took
place outside of, and before formation of, the
Solar System [2,3]. In this scenario, presolar car-
bon-containing PNG was inherited by the early
Solar System and then incorporated into the par-
ent bodies of the primitive meteorites. The fact
that noble gas components with isotopic compo-
sitions close to those in the Sun appear to be
common galactic components (e.g. P3 [23] or
N-noble gases [24] in presolar diamonds and SiC
respectively), and the observation that the most
abundant carbon phase in meteorites, the macro-
molecular material, is present in meteorites in
rather constant ratios with respect to presolar
grains [25], support this proposal.
The most important features of PNG are:

(i) they are concentrated in acid (HF-HCl) resis-
tant residues, which account for only a small frac-
tion of the total mass of meteorites and consist
mostly of carbon phases and oxide minerals [1] ;
(ii) the carrier of the noble gases is closely asso-
ciated with meteoritic carbon and is combustible
in an atmosphere of oxygen [1,18^20,26] ; (iii) the
gases are e¡ectively removed from their carrier(s)
by treatment with oxidizing acids and reagents
(HNO3, H2O2, HClO4, etc. [1,27]). The ¢rst two
features point to a carbon phase as a carrier for
PNG, while the interpretation of the third char-
acteristic is not straightforward. Although oxidiz-
ing chemicals remove most of PNG, they destroy
only a few percent of the total carbon.
Attempts to identify the carrier of the PNG (Q-

phase, according to [1]) in meteorites have so far
been unsuccessful. Perhaps the most satisfactory
explanation [28], to date, is that there is no spe-
ci¢c PNG carrier ; rather the close association of
PNG with carbon is the result of the surface ad-
sorption of noble gases onto any carbonaceous
material having a su⁄ciently high surface area.
The interpretation is consistent with the chemical
extraction procedures, as oxidizing acids would
destroy the surfaces of carbon grains resulting in
the release of surface-sited noble gases.
An important analytical observation that places

some constraints on the nature of the PNG car-
rier, is that during stepped heating (i.e. vacuum
pyrolysis) the noble gases are released at temper-
atures of 1200^1600‡C, whilst under stepped gas-

phase oxidation the gases are evolved at 400^
550‡C. To explain the high release temperature
of PNG during pyrolysis, Zadnik et al. [28] devel-
oped the ‘labyrinth’ hypothesis where it was pro-
posed that during initial trapping, noble gases
found their way through a complex network of
micropores on the surface of the carbon grains.
Following adsorption, the labyrinth channels were
plugged with organic molecules. This would have
had the e¡ect of preventing the release of PNG
until the carrier was subjected to elevated temper-
atures (either on the parent body, or during lab-
oratory heating experiments). While the PNG
were trapped within the labyrinth, isotopic ex-
change with gases from other reservoirs, such as
the terrestrial atmosphere, was also precluded.
This explanation, based on a number of rather
sophisticated experiments [22,28,29], and relying
upon the observations mentioned above, also sug-
gests that oxidation in an atmosphere of pure
oxygen will release PNG in the same way as the
oxidizing acids. However, when the PNG adsorp-
tion and labyrinth mechanisms were originally
formulated, no direct measurements of the simul-
taneous release of CO2 and PNG during stepped
combustion were available.
The combustion experiments which had been

done at that time included bulk sample (e¡ectively
one-step) combustion [20] and stepped combus-
tion experiments in which noble gases and CO2
were released from separate aliquots of the same
sample in di¡erent experiments [19]. The ¢rst ex-
periment where both yields of carbon and noble
gases were determined simultaneously was per-
formed later by Schelhaas et al. [13] in which
the amount of CO2 was measured with low pre-
cision using a Pirani gauge and the stepped com-
bustion experiment was carried out with rather
poor temperature resolution. Despite that, data
from an HF-HCl residue of Dhajala (H3.8)
showed that most of PNG were released before
the main carbon release, which seemed to be in
keeping with the labyrinth theory (though com-
plete release of the noble gases required destruc-
tion of about 50% of the carbon which seems to
be too high for the surface-sited noble gases).
In the present study, we undertook a detailed

examination of the relationship between PNG and
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carbon in meteorites of di¡erent types through the
use of high resolution stepped combustion experi-
ments. A primary purpose of the investigation
was to establish conclusively whether or not oxi-
dation with pure O2 gas would con¢rm the sur-
face siting of PNG on carbonaceous components.
To this end, seven meteorites (Murchison, Or-
gueil, Renazzo, Dhajala, LEW87223, Indarch
and Yilmia) were analysed. By choosing chon-
drites of di¡erent chemical groups and petrologi-
cal types it was considered that some of the
subtleties of parent body processing (e.g. meta-
morphism and aqueous alteration) and the result-
ing structural transformations of the putative car-
bon carrier materials could also be studied.

2. Experimental

HF-HCl resistant residues from each meteorite
were measured by precise, static-mode mass spec-
trometry to determine simultaneously the concen-
trations and isotopic compositions of noble gases,
nitrogen, and carbon (in the form of CO2). The
residue from Dhajala was prepared as in [13] and
provided for the study by U. Ott. The preparation
of the residues from Orgueil, Murchison, Renazzo
and Indarch are described in [30] and the residues
from LEW87223 and Yilmia were prepared in a
similar way. The preparation of the Murchison
residue is described in [31] (K procedure until
post HF-HCl step). SiC was removed with sodium
polytungstate density separation and any free or-
ganic compounds were removed by solvent extrac-

tion (93:7 DCM/MeOH). This residue was also
subjected to aqueous alteration at 330‡C using
the standard hydrous pyrolysis technique for me-
teorite samples [32]. The gases of interest were
liberated by stepped combustion. Isotopic compo-
sitions of noble gases and nitrogen and amounts
of carbon were measured on the Finesse instru-
ment [33,34]. Where su⁄cient gas was present,
isotopic compositions could be determined to a
precision of U 3^5% for argon and xenon and
U 1^3x for nitrogen. Measured 38Ar/36Ar ratios
were close to 0.19 for all the samples and the
40Ar/36Ar ratio varied from 2 to 10 indicating a
mixture of 36Ar from the samples with a small
amount of atmospheric Ar from the blank. Iso-
topic compositions of carbon were measured in all
samples using stepped combustion on another
static-mode mass spectrometer (MS 86 [35]) ; since
carbon yields were also measured on this system it
was possible to compare directly the release pro-
¢les from MS 86 and Finesse. Both Finesse and
MS 86 are completely automated and provide a
highly reproducible protocol for high resolution
multi-step analysis. The typical sample weight
used for noble gas and nitrogen analyses on Fi-
nesse was about 1^3 mg, while 0.2^0.5 mg was
used for carbon isotope analyses on MS 86.

3. Results

A summary of the results obtained from the
stepped combustion of the HF-HCl residues
from di¡erent types of meteorites analysed herein

Table 1
Summary of results from stepped combustion experiments of HF-HCl residues of the meteorites analysed herein (nm, not mea-
sured)

Sample Type C N
13Ca N/C N

15N 36Ar/C 132Xe/C
(%) (x) (g/g) (x) (cm3/g) (cm3/g U1037)

Orgueil CI 9.1 318.5 0.020 20.6 0.000109 15
Murchison CM2 9.5 322 0.029 325.4 0.000120 12
Renazzo CR2 40 319b 0.037 157 0.000073 nm
Dhajala H3.8 4.5 nm 0.011 4.5 0.000460 82
LEW87223 E3 20 37 0.005 7.3 0.000031 3.9
Indarch EH4 32 310.6 0.004 37.5 0.000043 3.3
Yilmia EL6 18 33.7 0.006 326.5 0.000032 0.27
a Obtained on MS 86.
b Data from Alexander et al. [25].
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is given in Table 1 (for more details see Appen-
dix). Three of these meteorites (Orgueil, Murchi-
son and Renazzo) are carbonaceous chondrites
that contain primitive macromolecular material
and have been subjected to aqueous alteration.
The CI chondrite Orgueil is the most extensively
altered, Murchison (CM2) less so, whilst Renazzo
(CR2) is considered to contain the least aqueously
altered carbon [25]. However, according to the
abundances of P3 noble gases in diamonds, Re-
nazzo was subject to moderate thermal metamor-
phism, up to 350‡C [36]. The enstatite meteorites
(LEW87223, Indarch and Yilmia) have experi-
enced thermal, rather than aqueous, processing

at elevated temperatures in a chemically reducing
environment. The carbonaceous material in the
ordinary chondrite Dhajala has experienced ther-
mal metamorphism, but with a certain degree of
oxidation [37].
Xe isotopic compositions in all the temperature

fractions of every sample correspond to P1 within
the error limits. We could not observe Xe with
increased 136Xe/132Xe ratios releasing from preso-
lar diamonds of carbonaceous chondrites because
of the poor precision at the low amounts of Xe
detected, but we did observe a clear signal from
the diamonds in the form of a 4He release, which
peaks at higher temperature than those for all

Fig. 1. Release of carbon, 36Ar and 132Xe (a) and carbon, nitrogen and nitrogen isotope pro¢le (b) from HF-HCl residues of
three carbonaceous chondrites: CI (Orgueil), CM2 (Murchison) and CR2 (Renazzo). The temperature range of noble gases and
nitrogen release are similar to each other and to that for most of carbon, suggesting noble gases to be rather volume- than sur-
face-correlated components. The maximum of noble gas release is observed at about 500‡C.
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other gases (Appendix). Such a release pattern of
noble gases during stepped combustion was ¢rst
observed in [19] before the 4He carrier was iden-
ti¢ed as presolar diamonds.
Fig. 1 shows the release patterns of carbon,

nitrogen and noble gases obtained by stepped
combustion from the three carbonaceous chon-
drites. As can be seen, carbon and noble gases
are released in the same temperature range, so
that the complete release of noble gases occurs
only after most of the carbon has been oxidized.
More precisely, at the point where 80% of C has
been combusted only about 60% of planetary Ar
and Xe have been released. This release pattern is
compatible with PNG being a volume-, rather
than surface-correlated component. The similarity
between the release of PNG and nitrogen (Fig.
1b), which appears to be a structural constituent
of organic macromolecular material in these me-
teorites [38], supports this conclusion. Thus, the
results obtained for carbonaceous chondrites in-
dicate that oxidation of the PNG carrier with
pure O2 gas a¡ects the release of the gases in a
way that suggests the PNG are located not on the
surface of any carbon grains, but are distributed
more or less uniformly within the grains, or asso-
ciated only with some of them (Q-phase), which
have combustion temperatures indistinguishable
from the bulk carbon.
A quite di¡erent relationship between the re-

lease of PNG on the one hand and carbon and
nitrogen on the other, is observed for enstatite
chondrites (Fig. 2). In these meteorites, the re-
leases of most of the PNG and carbon are signi¢-
cantly separated from each other during stepped
combustion with the resolution depending on the
metamorphic class of the meteorites. In all of the
samples (carbonaceous and enstatite chondrites)
the maximum PNG release occurs at the same
temperature (about 500‡C) while for the enstatite
chondrites the release of carbon systematically
shifts to higher temperatures (Fig. 2a) with
increasing thermal metamorphism from E3
(LEW87223) to EL6 (Yilmia). Compared to the
carbonaceous chondrites discussed above, the
pro¢les of the PNG release in enstatite chondrites
occur over a narrower temperature range (Figs.
1a and 2a). The simplest interpretation of the re-

sults is that there is a minor, and presumably
carbonaceous, PNG carrier, which is present in
all meteorites, and which is e¡ectively dissolved
in oxidizing acids (e.g. HNO3) and oxidized with
pure O2 gas. It would appear that this compo-
nent, which we now feel con¢dent to rechristen
‘Q’ (i.e. to denote its distinction as a truly sepa-
rate material) behaves di¡erently during parent
body processing from the bulk of chondritic mac-
romolecular carbon. In those meteorites where
this processing has been relatively extensive (i.e.
high petrological types, enstatite chondrites, etc.)
a combination of e¡ects has acted to alter macro-
molecular material, but not Q. In contrast, where
minimal processing has taken place (e.g. low pet-
rologic types, carbonaceous chondrites, etc.)
stepped combustion is not e¡ective at separation
because the oxidation temperatures of macromo-
lecular material and Q are similar which, if care is
not exercised, gives the illusion that they are one
and the same.
Stepped combustion results for the ordinary

chondrite Dhajala were generally similar to those
for the enstatite chondrites ; most of the noble
gases in it are associated with a small amount of
carbon. However, in contrast to the enstatite
chondrites, the release pattern of carbon from
Dhajala is more complicated and consists of at
least three peaks. It appears that, in this relatively
highly metamorphosed meteorite, only a part of
the total carbon (released above 500‡C) was
graphitized. Most of the carbon in Dhajala ap-
pears to have been lost during metamorphism
under oxidizing conditions resulting in a very
low carbon content of 0.07 wt% C. This result
represents an upper limit of carbon content in
this meteorite as, at this level, laboratory contam-
ination may be signi¢cant. In [13] the estimated
carbon concentration in Dhajala is 0.015 wt%.
Thus, both results con¢rm that the Dhajala mete-
orite has an anomalously low carbon content. For
noble gases, we analysed the same sample of Dha-
jala HF-HCl residue (R10) that was obtained in
[13], and our results are in a good agreement with
the previous data. The PNG are released during
stepped combustion in the same temperature
range as observed for other meteorites, although
in contrast to the carbonaceous chondrites, the
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Fig. 2. Release of carbon, 36Ar and 132Xe (a) and carbon, nitrogen and nitrogen isotope pro¢le (b) from HF-HCl residues of or-
dinary chondrite H3.8 (Dhajala) and three enstatite chondrites: E3 (LEW87223), EH4 (Indarch) and EL6 (Yilmia). Release of
most of the carbon in all these samples is separated from that for noble gases. Enstatite chondrites show a clear trend of degree
of separation of noble gases from carbon with increasing petrological type of the meteorites. Release temperature of the noble
gases in these samples is similar to that observed for carbonaceous chondrites. Note that noble gases and nitrogen in Yilmia
were measured in two di¡erent experiments.
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36Ar/C ratio in Dhajala is higher by a factor of 4
(Table 1), indicating that the PNG carrier is better
able to survive oxidative degradation than the
bulk organic matter. It is important to note that
oxidation of carbon under the conditions prevail-
ing in meteorite parent bodies does not involve
pure oxygen, but occurs as a result of chemical
reactions, which might, for instance, involve min-
erals such as magnetite [30].
Nitrogen concentrations in the enstatite chon-

drites and Dhajala are lower than in carbona-
ceous chondrites, and there is no obvious associ-
ation of N release with either carbon or noble
gases. Compared to carbonaceous chondrites the
isotopic composition of the N is relatively 15N-
depleted and there is a clear trend in enstatite
chondrites for N to become isotopically lighter
with increasing levels of metamorphism. It is im-
portant to note here that the PNG carrier is not
associated with signi¢cant amounts of nitrogen as
seemed to be the case for the carbonaceous chon-
drites. If there is some N associated with PNG it
is quite di⁄cult to establish its amount and iso-
topic composition from the data obtained so far.
Strictly speaking this will only be possible after
physical separation of the PNG carrier. Even
with the best separation achieved in the present
work, there is still a signi¢cant interference from
combustible and N-containing carbon phases.
Therefore the previous [39^41] and current at-
tempts to identify Q-nitrogen remain unconvinc-
ing.
The relatively high amounts of light nitrogen

(N15N: 3106340x) observed in the enstatite
chondrites at high temperatures (s 900‡C, Ap-
pendix) appear to be associated with the combus-
tion of silicon nitride, which has earlier been iden-
ti¢ed [42] in this type of meteorites.
In more detail the nitrogen and carbon data for

the HF-HCl residues will be discussed elsewhere
[43].

4. Discussion

Within enstatite chondrite parent bodies trans-
formation of macromolecular organic material
into graphite during thermal metamorphism

under reducing conditions increases its combus-
tion temperature. This ultimately allows the sep-
aration of graphite from Q, the PNG carrier, dur-
ing laboratory stepped combustion extraction 4.5
billion years later. The total 36Ar/C ratio in the
enstatite chondrites is a factor of V3 lower than
in carbonaceous chondrites due to, perhaps,
partial gas losses from Q and/or its partial dis-
integration. From this simple observation we
must conclude that under reducing conditions, Q
is relatively stable. We know from laboratory
experiments herein and elsewhere that Q is not
stable under oxidizing conditions. These charac-
teristic responses to reducing and oxidizing con-
ditions represent important clues as to the nature
of Q.
The upper limit of carbon (if any) associated

with PNG can be determined from the results
for Yilmia (Fig. 3) and amounts to V5% of the
total carbon. The corresponding concentration of
36Ar in the carrier (if it is carbonaceous) is
V6.8U1034 cm3 g31 C (i.e. cm3 per gram of
carbon). Obviously, this represents only a lower
limit for the 36Ar concentration in the carrier be-
cause, as can be seen (Fig. 3), the 36Ar/C ratios
are extremely variable during stepped combustion
suggesting that 36Ar is, in fact, associated only
with a fraction of the carbon released in the tem-
perature range where most of 36Ar is released.
Therefore, the best estimate for a lower limit of

Fig. 3. Variations of 36Ar concentrations during stepped
combustion of the Yilmia HF-HCl residue.
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36Ar concentration in Q can be obtained from the
maximum 36Ar/C observed for Yilmia (1.5U1033

cm3 g31 C; Fig. 3). This is one of the highest
concentrations of Ar detected in Solar System ma-
terials.
Planetary Xe and Ar are released from their

host phase during stepped combustion in a similar
way, though in detail there are some di¡erences.
In Yilmia, for example, Xe is released before Ar.
This might indicate that Q is not a single carrier,
but represents a number of carriers with di¡erent
relative Ar and Xe concentrations [44]. The same
e¡ect can also be observed if Xe and Ar in the
grains of their carrier have been acquired as a
result of ion implantation. Similar di¡erences for
noble gas distributions are observed in presolar
diamonds for which ion implantation seems to
be the most likely trapping mechanism [45]. The
extremely high 36Ar/C ratio in Yilmia (1.5U1033

cm3 g31 C), which is much higher than in presolar
diamonds (0.06U1033 cm3 g31 C [45]), tends to
suggest ion implantation as a mechanism of incor-
poration.
Our present results do not allow the conclusive

identi¢cation of Q, the PNG carrier. We have,
however, con¢rmed that it is combustible. Also,
we have found that for the meteorites analysed so
far, the combustion temperature of Q is almost
the same; we postulate that this will be true for
all chondritic meteorites as well. The release tem-
perature of Xe observed by Frick and Pepin in
their stepped combustion experiment of Allende
HF-HCl residues [19] is also in a good agreement
with our results. It allows us to conclude that if Q
is carbonaceous, it has properties distinct from
those of the bulk carbon in the meteorites ; for
instance, during parent body processing it is not
graphitized during thermal metamorphism under
reducing conditions. Furthermore, Q is suscepti-
ble to oxidation, but under such conditions, sur-
vives better than the bulk of meteoritic carbon in
the parent bodies.
Enstatite chondrites contain evidence that,

in some ways, suggests a relationship with urei-
lites, including similar 36Ar/132Xe ratios and car-
bon isotopic compositions [46]. Comparing the
stepped combustion results for the enstatite chon-
drites obtained in the present work, with similar

published data for the ureilites, appears to
strengthen these links. For instance, the release
of PNG at a temperature much lower than the
bulk carbon as seen in the enstatite chondrite Yil-
mia (Fig. 2) has also been observed (for Ar at
least) for the diamond-free ureilite ALH78079
[39]. Furthermore, it appears that the nature of
the PNG carrier is responding to the thermal his-
tory of these highly metamorphosed meteorites,
i.e. the higher the petrological type the greater
the resistance of the PNG carrier to oxidizing
acids. For example, in the metamorphosed ensta-
tite chondrite Abee (EH5), only 37% of total P1
Xe is lost during chromic acid treatment com-
pared to almost 100% for enstatite chondrites of
lower petrological type [14]. In the more highly
metamorphosed ureilite ALH78019, the PNG
cannot be released by treatment with HNO3
[46]. These observations allow us to suggest that
PNG in unshocked ureilites are located in the
same carrier as in enstatite chondrites (and chon-
dritic meteorites in general). Similar conclusions
have been made earlier on the basis of isotope
similarities of PNG in ureilites and chondrites
[13,20]. It is likely that the higher resistance of
the PNG carrier to oxidizing acid etching in ure-
ilites (and in enstatite chondrites of high petrolog-
ical types) is not connected with di¡usion of the
PNG from the surfaces to interiors of carbon
grains [41]. Alternatively, we suggest that it is a
result of increasing metamorphism strengthening
the PNG carrier under reducing conditions that
occurred in both enstatite chondrite and ureilite
parent bodies. A similar conclusion was reached
earlier by Huss at al. [14].
There has been some speculation about the pos-

sible candidates for the PNG carrier, e.g. fuller-
enes [47] and nanotubes [48]. Both forms have
cage-like structures, which can trap noble gases.
The former, however, seem not to ¢t the observa-
tions of noble gas concentrations found in fuller-
enes extracted from the carbonaceous chondrite
Allende [49]. A nanotube carrier appears to be
an attractive hypothesis, but so far there is no
direct evidence of the presence of nanotubes in
meteorites. Other forms of carbon that we should
also consider here are diamondoids, which, like
fullerenes and nanotubes, have cage-like struc-
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tures. Diamondoids (diamond-like carbon [50])
are highly resistant to thermal metamorphism
and graphitization in a reducing environment,
yet their structure leaves them susceptible to oxi-
dation.
Something which may ultimately constrain the

nature and origin of Q is the mode of incorpora-
tion of the PNG. Fullerenes and nanotubes open
up the possibility that the PNG were occluded
contemporaneously with grain growth. On the
other hand, we have already alluded to the fact
that the PNG may have been added by ion im-
plantation. Clearly this possibility needs to be ex-
plored in further work.

5. Conclusions

Though we have not unequivocally identi¢ed
the PNG carrier in meteorites, we have estab-
lished key physical and chemical properties that
help constrain its nature and will ultimately aid in
its separation and identi¢cation (although the sep-
aration method is not, as yet, obvious). On the
basis of the results herein we feel con¢dent in
asserting that it will eventually be possible to sep-
arate Q. Furthermore, we can hypothesize that
under appropriate conditions (i.e. those that

mimic metamorphism on primitive meteorite par-
ent bodies) it should be possible to induce changes
in the bulk macromolecular organic carbon that
will allow resolution of Q with its PNG, from the
bulk of the carbon, during a subsequent stepped
combustion. On a more speculative level the con-
centrations of PNG in Q, coupled with the rela-
tive scarcity of the latter, clearly bring into ques-
tion the accepted origin of the PNG (i.e. as a
Solar System-wide process). Rather, it now seems
entirely possible that, as has been suggested ear-
lier [2,3], PNG could be presolar.
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