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About half of the stable nuclei heavier than iron are believed to be
synthesized during the late stages of evolution of stars with masses
in the range 0.8±8 solar masses. These elements are then expelled
into the interstellar medium through stellar winds after being
`dredged up' towards the surface of the stars. These processes
occur when the star is in the `asymptotic giant branch' (AGB)
phase of its life. Nuclei (mainly iron) deep inside the star slowly
capture neutrons and progressively build up heavier elements (the
`s-process'). For AGB stars that formed early in the history of the
Galaxy, and that therefore have very low abundances of elements
heavier than helium (`metals'), models1 predict that the s-process
will accumulate synthesized material with atomic weights in the
Pb±Bi region. Such stars will therefore have large overabundances
of lead relative to other heavy elements. Here we report the
discovery of large amounts of lead in three metal-poor stars
(HD187861, HD196944 and HD224959). Our analysis shows
that these stars are more enriched in lead than in any other
element heavier than iron. The excellent agreement between the
observed and predicted abundances reinforces our current under-
standing of the detailed operation of the s-process deep in the
interiors of AGB stars.

Recent studies2±4 have suggested that the transport processes
accompanying a deep mining phase, called the third dredge-up,
could induce some partial mixing of protons below the convective
hydrogen envelope into the helium-burning carbon-rich layers.
This partial mixing of protons triggers the chain of reactions
12C(p,g)13N(b)13C(a,n)16O that is held responsible for the large
neutron irradiation required to synthesize heavy elements by the
s-process.

Although this scenario is nowadays the most widely accepted one,
its main ingredient (the partial mixing of protons in the deep
carbon-rich layers) cannot yet be derived from ®rst physical
principles. It is therefore of prime importance to devise predictions
that may test this proton-mixing scenario against abundance
observations. One such prediction is that low-metallicity AGB
stars should exhibit large overabundances of Pb±Bi as compared
to lighter s-elements. Such stars would be called `Pb stars'1. They
are characterized not only by large [Pb/Fe] and [s/Fe] abundance
ratios, but also by large [Pb/s] abundance ratios, where

�A=X� [ log�NA=NX� 2 log�NA=NX�(, s stands for any element
produced by the s-process and subscript ( refers to the Solar
System abundances. In particular, [Pb/hs] (where hs denotes the
`heavy' s-process elements such as Ba, La or Ce) ratios as large as 1.5
are predicted1 in AGB stars with �Fe=H� ( 21:3. Within the frame-
work of the partial mixing of protons into the deep carbon-rich
layers, this particular prediction is found to be quite robust1 with
respect to the model parameters (like the abundance pro®le of
the protons in the partially mixed layers, or the extent of the
partial mixing zone) and uncertainties (for example, reaction
rates). All s-process-enriched AGB stars with metallicities
�Fe=H� ( 21:3 are thus predicted to be Pb stars, independently
of their mass or metallicity (provided the partial mixing of protons
takes place).

However, Pb stars remained elusive: none of the low-metallicity
stars with large Pb overabundances previously reported in the
literature5±7 met all the above criteria. Indeed, the Pb abundances5,6

in the metal-poor stars HD 115444, HD 126238 and CS 22892-052
are attributed almost exclusively to the r-process, rather than the s-
process, because they occur with strong enhancements of r-elements
such as Eu (the r-process is an alternative neutron-capture process
occurring in high-neutron ¯ux environments like supernova
explosions). In the very metal-poor (�Fe=H� � 2 2:7) carbon-
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Figure 1 Comparison between observed and synthetic spectra of HD 196944 around

the Pb I line at 405.781 nm. The observed spectrum (dots) has been obtained at the ESO

3.6-m telescope and CoudeÂ Echelle Spectrometer delivering a spectral resolution l/Dl of

135,000 at 405 nm. Synthetic spectra corresponding to �s=Fe� � 0 (thin solid line; in this

case the Pb line is not visible) and [s/Fe] given in Table 1 (thick solid line) are also shown.

Table 1 Derived element abundances in three CH stars

HD 187861 HD 224959 HD 196944

[Fe/H] -1.65* -1.7* -2.45*
C/O 8* 5* 0.87*
...................................................................................................................................................................................................................................................................................................................................................................

Element log(eX) [X/Fe] Error log(eX) [X/Fe] Error log(eX) [X/Fe] Error

C 8.80* 1.89* ± 8.50* 1.95* ± 7.43 1.32 0.22
Zr 1.7 0.74 0.3 1.3 0.39 0.3 0.85 0.69 0.15
La 0.9 1.35 0.3 1.05 1.55 0.4 -0.5 0.75 0.21
Ce 1.1 1.14 0.4 1.3 1.39 0.4 0.25 1.09 0.15
Pr ± ± ± ± ± ± -1.0 0.74 0.15
Nd 1.1 1.28 0.3 1.1 1.33 0.3 -0.05 0.93 0.09
Sm 0.4 1.08 0.4 0.5 1.23 0.3 -0.7 0.78 0.17
Pb 2.8 2.40 0.3 2.9 2.55 0.3 1.75 2.15 0.14
...................................................................................................................................................................................................................................................................................................................................................................

Derived abundances log(eX) (� log�NX =NH� � 12) and [X/Fe] for element X for the CH stars HD 187861, HD 196944 and HD 224959. The listed error represents the total estimated error (as described in Table
2 for HD 196944). The atmospheric parameters were taken from refs 13 and 14 for the three stars, as were the abundances marked with an asterisk. All the other abundances were derived in the present
work from spectral synthesis in the 404.5±407.1 nm spectral window using model atmospheres15 matching the CNO abundances and the metallicity. Solar oscillator strengths were derived from a synthesis
of the solar spectrum, except for the 405.781-nm Pb I line, for which the laboratory value log gf � 2 0:22 has been adopted16. Although efforts were made to improve upon existing CN and CH (ref. 17) line
lists, the larger errors affecting the abundances in the two carbon-rich stars (HD 187861 and HD 196944) are mainly due to inaccuracies remaining in the CN line list.
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and s-process-rich star LP 625-44, lead was found7 to be largely
overabundant with respect to iron (�Pb=Fe� � �2:65), but not
with respect to other s-elements (for example, �Pb=La� � 0:15,
�Pb=Ba� � 2 0:09), in disagreement with the model predictions.

In the course of a programme of high-resolution spectroscopic
observations at the European Southern Observatory 3.6-m tele-
scope, we have discovered three stars that meet all the conditions to
be classi®ed as Pb stars.

This observing programme focuses on the study of the nucleo-
synthesis of elements heavier than ironÐwith special emphasis on
leadÐin s-process-rich, low-metallicity AGB stars. It ultimately
aims at identifying the origin of Pb±Bi, the heaviest stable elements
in the Universe, and at evaluating the respective contributions of the
s- and r-processes to their galactic content. This information
provides interesting constraints on the operation of these nucleo-
synthesis processes in stars, and in particular constitutes an impor-
tant ingredient in the prediction of stellar ages based on the actinide
cosmochronometry8.

As low-metallicity AGB stars seem to be very rare in the solar
neighbourhood nowadays, the family of CH stars represents a good
alternative for the purpose of studying the signature of low-
metallicity s-processing. These low-metallicity stars are members
of binary systems9, and their heavy-element overabundances are
caused by contamination from ejecta of their companion, formerly
an AGB star, presently a dim white dwarf. The surface composition
of CH stars thus traces the nucleosynthesis that occurred in a given

low-metallicity AGB star. Comparison with model predictions is
therefore straightforward, which would not be the case if we were to
use surface abundances that would be derived from low-metallicity
unevolved ®eld stars (their abundances re¯ect, on the contrary, the
plethora of nucleosynthetic events that shaped the composition of
the interstellar medium from which the stars formed).

All three stars observed present large Pb abundances (Fig. 1 and
Table 1) and may be considered to be genuine s-process Pb stars,
because (1) these s-process-rich stars do exhibit overabundances of
Pb with respect to all the other s-process elements, and (2) the Pb
overabundance cannot originate from the competing r-process
(that hypothesis would indeed lead to an abundance pattern totally
incompatible with the observed one; see Fig. 2). The estimated
errors on our abundance determinations do not endanger this
conclusion (Tables 1 and 2). High spectral resolution is essential
to resolve the 405.781-nm Pb line from the nearby CH line at
405.77 nm, and therefore to derive correct lead abundances (see
Fig. 1).

The observed surface abundances are in remarkable agreement
with the predictions1 obtained for partial mixing operating in stars
of the corresponding metallicities (Fig. 2). As indicated above, there
is actually little room for variations at these low metallicities within
the framework of the `proton-mixing' scenario (in that sense, the LP
625-44 abundance pattern7 appears puzzling, and may call for an
alternative scenario10 operating in extremely low-metallicity stars,
provided LP 625-44 is a representative case).

The similarity between the abundance patterns of our three stars
is remarkable, and strongly suggests that this pattern constitutes the
standard signature of s-processing at low metallicity, in agreement
with the model predictions described above. If so, the discovery of
the three Pb stars reported here validates the `proton-mixing'
scenario for the detailed operation of the s-process in AGB stars.
This model is currently the only one capable of explaining such high
Pb overabundances in s-process-enriched stars (see Fig. 2). As a
consequence, the solar s-process distribution should no longer be
thought to result from successive neutron irradiations within a
single star11, but rather as a result of the chemical evolution of the
Galaxy shaping the s-process abundance distribution12.

Moreover, to calculate stellar ages cosmochronologically on the
basis of actinide abundances we need to separate the contributions
of the s- and r-processes to the galactic Pb production. The
discovery of low-metallicity s-rich Pb stars makes it possible to
constrain the r-process contribution, which controls our prediction
of the production of the long-lived actinides. More accurate ages for
the oldest stars in our Galaxy using the Th cosmochronometry may
thus be obtained8. M
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Figure 2 Comparison of the observed abundances with predictions obtained in the

framework of the proton-mixing scenario. The abundances observed in HD196944 (panel

a) and in HD187861 and HD224959 (panel b) are compared with the model abundances

obtained as described in ref. 1 for stars of the same metallicities as the programme stars.

The abundance scale log�eX� stands for log�N X=NH� � 12. The error bars on the

observations are the root mean square of the uncertainties due (1) to the spectral ®t and to

the dispersion on the derived abundances when several lines of a given element were

used and (2) to the adopted model parameters, that is, the effective temperature, gravity

and microturbulence (see Table 2). Panel a also shows the solar system r-abundance

distribution normalized to Ce. This comparison clearly shows that the large �Pb=hs� < 1:2

abundance ratio cannot be understood in terms of an r-process enrichment, of which the

solar r-process abundances may be considered as a fairly typical representation5.

Table 2 Effect of uncertainties in model atmosphere parameters on the
element abundances derived for HD196944

Element Dy � 2 0:5 km s2 1 D log g � �0:3 DT eff � �100 K j
.............................................................................................................................................................................

C 0 -0.1 +0.2 0.03
Zr 0 +0.1 +0.05 (0.1)
La +0.05 +0.05 +0.2 (0.1)
Ce 0 +0.1 +0.05 0.1
Pr 0 +0.1 +0.1 0.05
Nd 0 +0.05 +0.05 0.05
Sm 0 +0.1 +0.1 0.1
Pb +0.03 0 +0.1 (0.1)
.............................................................................................................................................................................

Parameters are effective temperature Teff, gravity g and microturbulence y. The values adopted for
the reference model are taken from ref. 13 (Teff � 5;250 K, log g � 1:4, y � 2:0 km s2 1). The last
column corresponds to the standard deviation of the abundances when derived from different lines.
If only one line is available, an error of 0.1 dex (enclosed in parentheses) is assumed. Because the
oscillator strength of the Pb I line at 405.781 nm cannot be astrophysically assessedÐthis line is
barely detectable in the SunÐthe impact of a D log gf � 6 0:05 error on the log gf value (resulting in
D log ePb � 6 0:05) has been included in the errors listed in Table 1.
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Chondrules are silicate spherules that are found in abundance in
the most primitive class of meteorites, the chondrites. Chondrules
are believed to have formed by rapid cooling of silicate melt early
in the history of the Solar System1, and their properties should
re¯ect the composition of (and physical conditions in) the solar
nebula at the time when the Sun and planets were forming. It is
usually believed that chondrules lost all their noble gases at the
time of melting2±4. Here we report the discovery of signi®cant
amounts of trapped noble gases in chondrules in the enstatite
chondrite Yamato-791790, which consists of highly reduced
minerals. The elemental ratios 36Ar/132Xe and 84Kr/132Xe are
similar to those of `subsolar' gas5,6, which has the highest
36Ar/132Xe ratio after that of solar-type noble gases7. The most
plausible explanation for the high noble-gas concentration and

the characteristic elemental ratios is that solar gases were
implanted into the chondrule precursor material, followed by
incomplete loss of the implanted gases through diffusion over
time.

In the course of a study of noble gases in 12 enstatite chondrites
(ECs; enstatite is magnesium silicate), we analysed whole-rock
samples of Yamato-791790 by total melting, and by mechanical
crushing followed by stepped heating. We found ratios of 36Ar/132Xe
(ref. 8) that were up to 50 times higher (Fig. 1 and Table 1) than
those of `Q-gas' trapped in `phase-Q'9, which is the main carrier of
noble gases in carbonaceous and ordinary chondrites; 36Ar/132Xe
ratios for `Q-gas'10 are as low as 60. The ratios 36Ar/132Xe and
84Kr/132Xe for Yamato-791790 are indicative of a high concentration
of subsolar gas5 (or Ar-rich gas)6; this gas was observed in ECs
almost 20 years ago, but its trapping phase has not been clear until
now. Some ECs with the subsolar signature have Xe isotope ratios
that bear a close resemblance to solar Xe5. Both the Xe isotope
ratios and the high 36Ar/132Xe ratio suggest a contribution of solar-
type noble gas to ECs. However, ECs rich in subsolar gas5 are
depleted in 4He and 20Ne, in contrast to the high concentrations of
He and Ne found in solar-gas-rich meteorites7. Identi®cation of a
trapping phase would help to elucidate the origin of subsolar gas,
but such a phase has not been clearly identi®edÐalthough
enstatite has been proposed as the carrier of subsolar gas in
ECs5,6,11.

In order to investigate the trapping site of subsolar gas in Yamato-
791790, we performed a laser-microprobe noble-gas analysis. We
prepared ®ve polished thin sections, each section being about
50 mm in thickness. Optical microscopic observation revealed that
Yamato-791790 contains chondrules (100±500 mm in diameter),
chondrule fragments, and opaque grains (mostly Fe-Ni metal and
troilite) with relatively small amounts of matrix materials. Porphy-
ritic or euhedral pyroxene is dominant in most chondrules. We
determined the major-element composition with an electron
microprobe analyser. All pyroxene grains analysed in this study are
low-CaO (, 1 wt%). Low-FeO (, 1 wt%) pyroxene is common in
chondrules and matrices, but high-FeO (. 10 wt%) pyroxenes are
rare. These petrologic and mineralogical features are consistent with
previous reports that Yamato-791790 is an EC of petrologic type 4
showing the imprint of moderate thermal effects, and that it
experienced heavier impact events12 than other ECs. Both sides of
the thin sections were examined by optical microscopy to con®rm
that a portion selected for laser ablation consists of a single
component.

Noble gases were extracted by ablating individual components
with a pulsed Nd:YAG laser beam (1.064 mm wavelength, 40±70 mm
in diameter), and were measured with a modi®ed VG5400 MS-II
system at the University of Tokyo13. Ablated mass is typically 0.7 mg,
ranging from 0.24 to 3.7 mg. Laser extraction ef®ciencies relative to a
conventional melting method were determined to be 1.39, 1.09 and
1.08 for 36Ar, 84Kr and 132Xe, respectively. The concentrations of
noble gases listed in Table 1 are corrected for the blank and the
extraction ef®ciencies. Because of the small mass ablated by the laser
and the low concentrations of 84Kr and 132Xe in this meteorite, the
amount of gas available for the measurement is extremely low, and
in some cases, is indistinguishable from the blank. Consequently,
errors for 84Kr and 132Xe concentrations became large compared
with those for 36Ar. Hence the elemental ratios for the laser ablation
analysis in Table 1 and Fig. 1 are corrected only for the extraction
ef®ciencies without the blank correction.

We analysed two large opaque grains, eight matrix portions, and
twenty individual chondrules (Table 1). Most of the analysed
chondrules are 100±200 mm in diameter, while some (5Ch, 7Ch,
9Ch and 20Ch) are somewhat larger (350, 300, 500±800 and
500 mm, respectively). No laser spots released noticeable amounts
of He and Ne, whereas heavier noble gases were detected in most
cases. The detected 36Ar was mostly that which had been trapped
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