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During recent years, a growing body of evidence, both astrophysical observations of young
stellar objects and cosmochemical observations made on meteorites, has strengthened the case
that a fraction of the dust and gas of the solar accretion disk has been irradiated by cosmic
rays emitted by the young forming active Sun. We review this meteoritic evidence, specifically
the most convincing data obtained on Ca-Al-rich inclusions (CAIs) of primitive chondrite me-
teorites. Boron-isotopic variations in CAIs can be explained by decay products of short-lived
10Be (T1/2 = 1.5 m.y.) while a combination of extinct 7Be (T1/2 = 53 d) and of spallogenic Li
may explain 7Li/6Li variations. We then discuss irradiation models that attempt to account for
the origin of short-lived radionuclides and evaluate the predictions of these models in light of
experimental data. Several anomalies, such as 21Ne and 36Ar excesses, suggest an exposure of
CAIs and of chondrules (or their precusors) to cosmic rays emitted by the young Sun. The
possible effects of early solar irradiation processes on the mineralogy, chemistry, and light-
element isotopic compositions (e.g., O, H, N) of early solar system solids are also considered
and evaluated.

1. INTRODUCTION

It has long been recognized that, because light elements
(D, Li, Be, and B) could not be synthesized by thermonu-
clear reactions taking place at temperatures higher than
≈106 K in stellar interiors, other nucleosynthetic processes
had to be invoked to explain their presence in the galaxy
and the solar system (Burbidge et al., 1957). This is espe-
cially true for 6Li, B, and Be since 7Li can also be produced
by Big Bang nucleosynthesis and during stellar evolution
either in the red giant phase or in the H-explosive-burning
phase of nova (e.g., Audouze and Vauclair, 1980). Among
the different mechanisms studied for the production of Li-
Be-B elements, it was suggested that endothermic spalla-
tion reactions that occur at high energies (typically higher
than a few MeV) can produce these elements in significant
amounts.

From the observation that concentrations of Li-Be-B ele-
ments were higher by a factor of ≈106 in galactic cosmic
rays (GCRs) relative to solar system abundances, Reeves et
al. (1970) found that these elements were synthesized by
spallation reactions between high-energy GCR particles
(mostly protons and α particles) and the heavy nuclei 12C
and 16O. However, before this understanding of the nucleo-
synthetic origin of Li-Be-B elements was reached, it was
originally proposed that these elements were produced in
the early solar system by irradiation of meter-sized plan-
etesimals with high-energy solar particles (Fowler et al.,
1962; Burnett et al., 1965). Other scenarios were envisaged,
such as the production of Li-Be-B elements by irradiation

of interstellar graphite grains, which would be incorporated
in the presolar nebula (Dwek, 1978a).

It is important to point out here that, historically, the
situation with short-lived 26Al is quite similar to that of Li-
Be-B. In fact, two possible sources were proposed for 26Al
when it was discovered in CAIs: either an external seed-
ing of the solar system by fresh supernova products or a
local production within the solar system by irradiation pro-
cesses around the young active Sun (Lee et al., 1976). The
idea of an internal source by irradiation was nearly aban-
doned for many years, but the original calculations of the
fluence required to produce the amount of 26Al observed
in CAIs yielded values (≈1020 protons cm–2) of the same
order of magnitude as those calculated in the latest irradia-
tion models.

This old idea that a fraction of solar system material was
irradiated by solar cosmic rays (SCRs) around the young
active Sun was recently renewed from two different lines
of evidence. First, observations of solar-type stars during
their pre-main-sequence phases (protostars, “classical”
T Tauri stars with accretion disks, and “weak-lined” T Tauri
stars without accretion disks) show powerful X-ray flares
that are very likely accompanied by intense fluxes of ac-
celerated particles (Feigelson and Montmerle, 1999; Gudel,
2004). The X-ray flares are seen in virtually all young stars,
while radio gyrosynchrotron emission from flare MeV elec-
trons are detected in some cases. Recent studies of the pre-
main-sequence population in the Orion nebula have shown
that analogs of the young Sun exhibit X-ray flare enhance-
ments by factors of 104 and inferred proton fluence en-
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hancements by factors of 105 (Feigelson et al., 2002; Wolk
et al., 2005). X-ray absorption and Fe fluorescent emission
line measurements give direct evidence that X-rays effi-
ciently irradiate the protoplanetary disks (Tsujimoto et al.,
2005; Kastner et al., 2005). Second, the discovery of short-
lived 10Be in CAIs from primitive chondrites (McKeegan
et al., 2000; Sugiura et al., 2001; MacPherson et al., 2003)
was taken as a strong argument in favor of the presence of
irradiation products among the precursors of CAIs. Al-
though this view was recently challenged from a calcula-
tion of the amount of 10Be trapped during stopping of GCRs
in the molecular cloud core, parent of the solar system
(Desch et al., 2004), the presence of radioactive 7Be in one
Allende CAI (Chaussidon et al., 2004, 2005) would be a
decisive argument for an irradiation of a fraction of the solar
nebula. However, the evidence for 7Be needs to be secured
from other CAIs in the future.

In the following sections, we review the few traces of
irradiation processes that have been reported so far in me-
teorites. This includes either interactions with accelerated
protons or α particles that result in spallation reactions or
interactions with X-rays or UV radiation. The strongest
evidence that we discuss in more detail is the variation in
the Li- and B-isotopic compositions in CAIs and the in-
ferred presence in the early solar system of short-lived 7Be
and 10Be. In addition, we discuss more briefly (1) the case
of 21Ne and 36Ar excesses reported in gas-rich meteorites
and in chondrules, (2) the recent claims for UV irradiation
as a source of non-mass-dependent O-isotopic anomalies
and of 15N enrichment in the early solar system, and (3) the
chemical and mineralogical traces of electron and ion irra-
diation in irradiated silicates. We also mention the possible
effects of X-rays as a source of ionization that can promote
ion-molecule reactions responsible for D- and N-isotopic
variations. The existing models of irradiation are then de-
scribed and their contrasted predictions evaluated concern-
ing the production of the different short-lived radioactivities
observed in CAIs (7Be, 10Be, 26Al, 41Ca, and 53Mn).

2. TRACES OF EARLY IRRADIATION
PROCESSES IN METEORITES

2.1. Variations of Lithium-Beryllium-Boron
Isotopic Compositions in Calcium-Aluminum-rich
Inclusions and Chondrules

2.1.1. The lithium-beryllium-boron system. Small vari-
ations of Li- and B-isotopic compositions are generally re-
ported in δ units, i.e., in ‰ relative to a standard: δ11B are
given relative to the NBS 951 borate, which has 11B/10B =
4.04558, and δ7Li are given relative to the NIST LSVEC
Li carbonate, which has 7Li/6Li = 12.0192. In bulk, chon-
drites δ7Li and δ11B values show significant but relatively
limited variations. δ11B values range from –7.5 ± 0.1‰
to +19.2 ± 0.3‰ in chondrites, CM and CI chondrites hav-
ing δ11B of –6.4 ± 1.1‰ (Zhai et al., 1996). Reported
δ7Li values range from –3.8 + 0.6‰ to +3.9 ± 0.6‰ for

bulk carbonaceous chondrites (James and Palmer, 2000;
McDonough et al., 2003). However, the isotopic composi-
tions of Li-Be-B elements in components of chondrites
(CAIs, refractory grains, chondrules, etc.) are anticipated
to be much more variable for several reasons. These varia-
tions, if present, might be a very rich source of informa-
tion concerning irradiation processes in the presolar or
protosolar nebula.

First, Li-Be-B elements are efficiently produced by spal-
lation reactions during collisions between accelerated pro-
tons and C and O nuclei (e.g., Reeves, 1994). Because the
solar system abundance of Li-Be-B elements (Anders and
Grevesse, 1989) is lower by 5 to 7 orders of magnitude
relative to that of the target elements C and O (which have
a different nucleosynthetic origin than Li-Be-B), even a
small addition of a spallation component to a solar system
Li-Be-B abundance might be detectable. Second, the spal-
lation Li and B components have a priori isotopic compo-
sitions that will be very different from bulk chondrites. This
comes from the fact that the cross sections for the produc-
tion of the different Li and B isotopes vary as a function of
the energy:  Ramaty et al. (1996) calculated 7Li/6Li pro-
duction ratios ranging from ≈1.5 to ≈8 and 11B/10B ratios
ranging from ≈2.5 to ≈8 for spallation reactions at energies
between a few and 100 MeV/nucleon using variable com-
positions for the cosmic ray and the target at rest (spalla-
tion 7Li/6Li and 11B/10B ratios are the lowest at high energies
>100 MeV). The difference between the chondritic and the
spallation isotopic ratio is large for Li because solar sys-
tem Li also contains 7Li produced during Big Bang nucleo-
synthesis. Thus, in any case the spallogenic 7Li/6Li will be
significantly lower than the chondritic 7Li/6Li of ≈12. Third,
two radioactive isotopes of Be having very different half-
lives exist: 7Be (half-life of 53 d) decays by electron cap-
ture to 7Li and 10Be (half-life of 1.5 m.y.) decays by β decay
to 10B. These two isotopes are produced efficiently by spal-
lation reactions: the cross sections for the production by
collisions between accelerated protons and O nuclei are, for
instance, at 650 MeV of ≈11 mb, ≈3 mb, and ≈1.5 mb for
7Be, 9Be, and 10Be, respectively (Read and Viola, 1984;
Michel et al., 1997; Sisterson et al., 1997).

2.1.2. Evidence for the incorporation of short-lived be-
ryllium-10 in calcium-aluminum-rich inclusions. Since
the discovery of the incorporation of short-lived 10Be in one
type B CAI from the Allende CV3 chondrite (McKeegan
et al., 2000), 10Be has been found in several other CAIs,
either type A or type B, in CV3 chondrites Allende, Efre-
movka, and Leoville (Sugiura et al., 2001; Chaussidon et
al., 2001; Srinivasan, 2002; MacPherson et al., 2003) and
in single refractory hibonites from the Murchison CM chon-
drite and the Allende CV3 chondrite (Marhas et al., 2002;
Marhas and Goswami, 2003). Statistics show that, for CAIs
having mineral phases with high Be/B ratios, 10B excesses
due to the in situ decay of 10Be are always observed. The
lack of high Be/B ratios in some CAIs might be due to late
addition of B to the CAI (parent-body alteration or even
contamination during sample preparation); since Be is more
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refractory than B, CAIs should have high Be/B ratios in
bulk. In fact, Be is predicted from thermodynamic equilib-
rium calculations to have a 50% condensation temperature
of 1500 K and to condense either as gugaïte (Ca2BeSi2O7)
in solid solution with melilite or into spinel, while B is less
refractory with a predicted 50% condensation temperature
of 964 K for danburite (NaBSi3O8) in solid solution with
anorthite (Lauretta and Lodders, 1997). Melilites are the
phases in which the highest 9Be/11B ratios have been ob-
served and variations of this ratio are anticipated to be pro-
duced during crystal fractionation of melilite. An experi-
mental study of the partitioning of Be between crystal and
melt for melts of CAI composition showed that Be was
incompatible in gehlenitic melilites with Dmelilite/melt = 0.5
for XÅk = 0.3 and compatible in akermanitic melilites with
Dmelilite/melt = 1.9 for XÅk = 0.75 (Beckett et al., 1990).

One example of the 10B/11B variations due to the in situ
decay of 10Be is shown in Fig. 1 for one type B CAI (3529-
41) from Allende. This CAI has been studied in most de-
tails for Li and B isotopic variations: It shows among the
highest (close to ≈10–3) 10Be/9Be ratios observed (Chaussi-
don et al., 2004, 2005). Note in Fig. 1 that the different
major minerals (melilite, anorthite, and fassaite) define a
single correlation line between 10B/11B and 9Be/11B ratios
but that a few spots plot significantly off this line. It has
been shown for the different CAIs studied that this type of
correlation line can only be interpreted as an isochron due
to the in situ decay of radioactive 10Be present in the CAI

melt. This comes mostly from the fact that it cannot be due
to a mixing between two components having different 10B/
11B and 9Be/11B ratios because (1) no correlation is ob-
served between the 10B/11B ratios and the B concentrations
and (2) B-isotopic variations, if present within the CAI pre-
cursors, would have been erased during the melting proc-
ess (McKeegan et al., 2000; Sugiura et al., 2001; Mac-
Pherson et al., 2003; Chaussidon et al., 2004, 2005). In
addition, perturbations of the Be/B system, such as those
evidenced in Fig. 1 by the few spots plotting off the 10Be
isochron, were noted in several CAIs (some show more
significant perturbations) and investigated by comparison
with those observed for the Al/Mg system (Sugiura et al.,
2001; McKeegan et al., 2001; MacPherson et al., 2003;
Chaussidon et al., 2003). On average the Be/B system
seems to be less perturbed in CAIs than the Al/Mg system.
This might seem at first glance rather astonishing because
Be and B are two trace elements present below the ppm
level in CAIs and thus a priori much more sensitive to
chemical redistribution during the postmagmatic history of
the CAI than the major elements Al and Mg. However, two
simple reasons were invoked to explain the observation of
a “robustness” of the Be/B system relative to the Al/Mg
system: First, the diffusion rate of B in minerals (data ex-
ist for anorthite only) seems lower by a factor of ≈100 than
that of Mg (Sugiura et al., 2001), and second, the half-life
of 10Be is twice that of 26Al, implying that perturbations
that occur in the first ≈1 m.y. following the crystallization
of the CAI will significantly affect the Al/Mg system while
they will be more or less transparent for the Be/B system.

The 10Be/9Be and the initial 10B/11B ratios inferred for
the various CAIs and hibonites studied show significant
variations. For CAIs the 10Be/9Be ratios range from ≈1.8 ±
0.5 × 10–3 to 0.4 ± 0.1 × 10–3 and the 10B/11B ratios range
from 0.2372 to 0.2576 (or from –40‰ to +42‰ in the δ11B
notation), while hibonites show slightly more extreme ra-
tios, but with lower precision because of the smaller sizes
of the grains studied and the limited numbers. It is impor-
tant to stress here that even if it is tempting to define a
“canonical” 10Be/9Be ratio of ≈10–3 by analogy with the
26Al/27Al ratio of 5 × 10–5 defined for CAIs, there is at
present no reason and/or compelling evidence to do so.
Contrary to the 26Al/27Al ratio for which ratios higher or
lower than 5 × 10–5 were demonstrated in several cases to
reflect secondary perturbations (see review by MacPherson
et al., 1995), no sign of perturbation was evidenced for
10Be/9Be ratios lower than 10–3. There is thus up to now
no reason not to believe that the observed variations in 10Be/
9Be and initial 10B/11B ratios do reflect isotopic variations
present in the early solar nebula.

2.1.3. Evidence for the incorporation of short-lived be-
ryllium-7 in calcium-aluminum-rich inclusions. The evi-
dence for the incorporation in CAIs of short-lived 7Be is
less clear than for the incorporation of 10Be, but because
of the significant implications of the presence of 7Be in the
early solar system, it deserves consideration. The very short
half-life (53 d) makes 7Be a “smoking gun” for irradiation

Fig. 1. Variations of 10Be/9Be ratios vs. 9Be/11B ratios in Allende
type B CAI 3529-41 [data from Chaussidon et al. (2004)]. A
blowup of the diagram is shown for low 9Be/11B ratios from 0 to
30. The positive correlation indicates the in situ decay of radioac-
tive 10Be incorporated (with a 10Be/9Be ratio ≈ 0.9 × 10–3) in the
CAI or in its precursors at the time of its formation. Such a 10Be
isochron-type relationship has been found for approximately 20
type A and B CAIs and 5 hibonites (see text for references).
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processes within the early solar system. The search for 7Be
and other very short-lived radionuclides will certainly be an
important subject of research in the next few years. Beryl-
lium-7 decay products in CAIs were originally claimed to
explain the 7Li/6Li isotopic variations observed in one CAI
(USNM 3515) from Allende (Chaussidon et al., 2002). No
isochron-type relationship was observed between the 7Li/
6Li and the 9Be/6Li ratios for this CAI as a whole. How-
ever, different isochrons were tentatively recognized in this
CAI: Partial relaxation by solid-state diffusion of the Li-
isotopic anomalies due to the in situ decay of 7Be were
proposed to explain the large variations of the 7Li/6Li ratios
observed at the scale of ≈50 µm in USNM 3515 (Chaus-
sidon et al., 2002). In such a model the most undisturbed
isochron yielded a 7Be/9Be ratio of 0.076 ± 0.038 and an
initial 7Li/6Li ratio of 10.4 ± 0.7. No argument to support or
deny this interpretation could be found either from the dis-
tribution of 10Be (because USNM 3515 had too high B con-
centrations for 10Be to be detectable) or from the detailed
petrography of USNM 3515 (Paque et al., 2003). Another
claim for the incorporation of 7Be in a CAI was made from
the analysis of Efremovka CAI E65 (Srinivasan, 2002) in
which 7Li excesses indicated a 7Be/9Be of 0.059 ± 0.024
and an initial 7Li/6Li of 11.938 ± 0.044.

Recently, large Li-isotopic variations were found in an
Allende type B CAI (3529-41), which was previously stud-
ied in detail for its petrography and for its 26Al and 10Be
systematics (Podosek et al., 1991; McKeegan et al., 2000).
In Allende CAI 3529-41, relationships between the Li and
Be concentrations and the Akermanite content of melilite
allows the identification of zones in the CAI where the
original Li and Be distribution inherited from the fractional
crystallization of the CAI melt has been preserved (Chaus-
sidon et al., 2004, 2005). Similarly, non-perturbed mag-
matic Li and Be distributions can be observed in fassaite
and anorthite. In 3529-41, all the analytical data from zones
in which the Li and Be distributions resulting from the frac-
tional crystallization of the CAI melt were preserved, show
a positive correlation between 7Li/6Li and 9Be/6Li ratios
(Fig. 2). This positive correlation can be interpreted as re-
flecting the in situ decay of radioactive 7Be (Chaussidon et
al., 2004, 2005) implying a 7Be/9Be ratio at the time of
crystallization of the CAI of 6.1 ± 1.3 × 10–3 and an initial
7Li/6Li ratio of the CAI melt of 11.49 ± 0.13 (Fig. 2).

The case for 3529-41 is at present the only strong indi-
cation for the incorporation of short-lived 7Be in CAI, and
other evidence must be found for the presence of 7Be in
the early solar system to be definitively ascertained. Hints
exist in a few other CAIs from Allende and Efremovka, but
several CAIs do not show any evidence for incorporation of
7Be (Chaussidon et al., 2001, 2003). This is at variance with
the observation of omnipresent 10Be in CAIs and might be
due to the very short half-life of 7Be of 53 d. In fact, for 7Be
to be detectable in a CAI, this CAI (1) must have formed
very shortly after the nucleosynthesis of 7Be and (2) must
not have been totally remelted or subjected to strong per-

turbations of the trace Li and Be distributions after its for-
mation.

2.1.4. Relationship between beryllium-10 and other
short-lived radionuclides. The variation of short-lived
radionuclides abundances in the different components of
primitive chondrites carry fundamental information about
the chronology and nature of the different processes that
occurred in the early solar system (McKeegan and Davis,
2004; Gounelle and Russell, 2005). Among the working
hypotheses that are required to develop such a chronology
is the assumption of a time zero at which an homogeneity
of the different radionuclide abundances (e.g., homogene-
ity of 26Al/27Al ratios and/or of 10Be/9Be ratios) was estab-
lished in the solar nebula. One obvious way to test these
hypotheses is to investigate whether there is a synchronism
between different short-lived chronometers. Because of their
general presence in varying abundances in CAIs, 26Al and
10Be are two such potential chronometers that need to be
compared. Figure 3 shows available data for 26Al and 10Be
abundances in CAIs and in hibonites together with two
curves showing the covariation with time of the 26Al/27Al
and 10Be/9Be ratios calculated for two couples of arbitrary
isotopic compositions (either 5 × 10–5 and 0.8 × 10–3, or
5 × 10–5 and 2 × 10–3, for the 26Al/27Al and 10Be/9Be ra-
tios, respectively). The error bars are large for 26Al/27Al and

Fig. 2. Variations of 7Li/6Li ratios vs. 9Be/6Li ratios in Allende
type B CAI 3529-41 [data from Chaussidon et al. (2004)]. The
positive correlation is observed in 3529-41 for all the zones in
the CAI where the Li and Be distributions do not show obvious
signs of perturbation since the crystallization of the CAI (i.e.,
where the Li and Be concentrations follow experimentally deter-
mined partition coefficients between major phases and melt). The
slope indicates that when 3529-41 crystallized it (or its precursors)
incorporated radioactive 7Be with a 7Be/9Be ≈ 6 × 10–3. Other hints
exist in a few CAIs for the in situ decay of 7Be (see text), but
3529-41 can be considered as the only demonstrative case reported
so far.
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10Be/9Be ratios in CAIs and hibonites, and prevent firm
conclusions on a lack of synchronicity between 26Al and
10Be. However, it is obvious that hibonites and a few type B
CAIs have very low 26Al/27Al and high 10Be/9Be ratios. This
lack of synchronicity between 26Al and 10Be points either
to different nucleosynthetic sources for 26Al and 10Be
(Marhas and Goswami, 2003), or to a production mecha-
nism that is able to decouple the two radioactive isotopes
(Gounelle et al., 2004).

2.1.5. Lithium and boron isotopic variations in calcium-
aluminum-rich inclusions and chondrules. Another impor-
tant signature of irradiation is carried by the Li- and B-
isotopic variations, which are not due to the radioactive
decay of 10Be and of 7Be. Although some of these varia-
tions may be attributed in the case of Li to magmatic or
postmagmatic processes [up to 10–15‰ variations likely
due to diffusion processes have recently been evidenced for
7Li/6Li ratios in lunar and martian meteorites (Beck et al.,
2004; Barrat et al., 2005)], variations of higher amplitude

(several tens of permil) reflect the presence in the solar sys-
tem of Li and B having different nuclear sources. Lithium-
and B-isotopic variations have been initially reported for
chondrules (Chaussidon and Robert, 1995, 1998) with the
7Li/6Li ratio ranging from 11.86 to 12.44 (i.e., δ7Li val-
ues ranging from –13‰ to +35‰, 85% of the chondrule
data being at +10 ± 10‰) and 10B/11B ratios ranging from
0.2364 to 0.2591 (i.e., δ11B values ranging from –42‰ to
+44‰, 87% of the chondrule data being clustered between
≈–40‰ and +10‰). The range of B-isotopic variations in
chondrules has been questioned from another ion probe
study that was not able to resolve significant variations at the
2σ level (Hoppe et al., 2001): This may be due to (1) the
low precision of B-isotopic measurements in B-poor chon-
drules, or (2) the scarcity of chondrules with large B-iso-
topic variations. More recently a reappraisal of Li- and
B-isotopic variations in chondrules was done using a high-
sensitivity ims 1270 ion probe and using chondrules from
the Mokoia and Semarkona chondrites, chondrules that
were not polished and were not embedded in epoxy to mini-
mize the risks of B contamination (Robert and Chaussidon,
2003). This latter study found Li- and B-isotopic variations
broadly consistent with the range observed in the earlier
studies.

Since the discovery of 10Be, another evidence exists now
for B-isotopic variations in the early solar system. The ini-
tial 10B/11B ratio of CAIs and hibonites do show significant
variations from 0.2372 to 0.2576 (McKeegan et al., 2000;
Sugiura et al., 2001; MacPherson et al., 2003; Marhas et
al., 2002; Marhas and Goswami, 2003; Goswami, 2003),
i.e., δ11B values ranging from –40‰ to +42‰, which is
the range previously found in chondrules. The variations of
initial 10B/11B ratios vs. 10Be/9Be ratios in CAIs and hibon-
ites are shown in Fig. 4a. Although errors bars are large,
most of the variations could be explained by the presence
in CAI precursors of a B component affected by spallation
B together with radiogenic 10B. Using a spallation produc-
tion ratio of 10B*/9Be* ≈ 6.2, 10Be*/9Be* ≈ 0.1, and 11B*/
10B* ≈ 3 (Ramaty et al., 1996) we calculate that irradiation
of chondritic matter with 10B/11B = 0.2472 (Zhai et al.,
1996) and B/Be = 28.8 (Anders and Grevesse, 1989) would
shift the 10B/11B ratio to a value of 0.2479 for 10Be/9Be of
≈10–3. For comparison, irradiation of a CAI-type composi-
tion (B/Be ≈ 0.4) would result in 10B/11B = 0.2811, for 10Be/
9Be = 10–3. In order to evaluate mixing scenarios, mixing
lines are drawn between these two calculated compositions
and the chondritic B composition in Fig. 4a. Many of the
type B and type A CAI data are consistent with the scenario
that initial 10B/11B ratios are altered by incorporation of a
fraction of spallation B produced together with 10Be. How-
ever, the situation seems more complicated for hibonites,
even if spallation is a priori the only source known for B
with 10B/11B ratios higher than chondritic.

Not only initial 10B/11B ratios, but also 7Li/6Li ratios,
are found to be variable in CAIs (Chaussidon et al., 2001,
2004; MacPherson et al., 2003). These ratios are generally

Fig. 3. Variations of initial 26Al/27Al ratios vs. 10Be/9Be ratios
in type A and type B CAIs and in refractory hibonites [data from
McKeegan et al. (2000, 2001), Sugiura et al. (2001), MacPherson
et al. (2003), Marhas et al. (2002), Marhas and Goswami (2003),
and Chaussidon et al. (2003)]. In a few cases the 26Al/27Al ratio
is the upper limit inferred for the sample (see references). A few
CAIs having very obviously disturbed 26Al/Mg systems are not
shown. The error bars are 1σ; for the sake of clarity they were
omitted for a few hibonites where they are generally higher than
in CAIs. Two curves showing the field for synchronicity between
the 26Al/Mg and 10Be/B systems are shown for arbitrarily chosen
initial 26Al/27Al and 10Be/9Be ratios of 5 × 10–5 and 0.8 × 10–3

and 5 × 10–5 and 2 × 10–3 respectively. Note that, despite the fact
that the error bars are large, there is no possible synchronicity
between 26Al and 10Be for hibonites relative to CAIs. This is less
clear for CAIs because secondary perturbations might more sig-
nificantly modify the 26Al/27Al ratios than the 10Be/9Be ratios (see
text).
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lower than chondritic 7Li/6Li ≈ 12 (James and Palmer, 2000;
McDonough et al., 2003), and the two lowest ones are of
9.20 ± 0.22 in Allende CAI 3529-41 (Chaussidon et al.,
2004) and of 9.9 ± 1.1 in Axtell CAI 2771 (MacPherson
et al., 2003). In addition, the initial 7Li/6Li ratio inferred
from the 7Be isochron in Allende CAI 3529-41 is of 11.49 ±
0.13. Although the low 7Li/6Li ratios observed in extremely
Li-poor phases of CAIs (<1 ppb Li) may be due in part to
a recent exposure to GCRs (Chaussidon et al., 2005), most
of the low 7Li/6Li ratio likely reflect spallogenic Li com-
ponents incorporated in CAI precursors. Note that Li-iso-
topic fractionation by evaporation would result in a 7Li/6Li
ratio higher than chondritic. It seems reasonable to also
explain the low 7Li/6Li ratios of CAIs by shifts due to Li
spallation components that could have the same origin as
10Be and 7Be (Fig. 4b). The spallation ratio of B (10B/11B ≈
0.3333) differs less from the chondritic ratio (10B/11B =
0.2472) than is the case for Li (spallation 7Li/6Li ratio rang-
ing from ≈1.5 to 5, compared to a chondritic ratio 7Li/6Li
of ≈12). Therefore, the 7Li/6Li ratio of CAIs may differ
more from chondritic than is the case for the 10B/11B ratio.
Finally, it is important to stress here that the invoked spallo-
genic component for CAIs (responsible for their low 7Li/
6Li ratio and for 7Be and 10Be) seems not to be present in
bulk chondrites. A calculation of the type used for B iso-
topes in the previous paragraph (using a spallation produc-
tion ratio of 7Li*/6Li* ≈ 2.5) yields for a 10Be/9Be ratio of
≈10–3 (Fig. 4b) a 7Li/6Li ratio ≈11.45 and of ≈3.1 for irra-
diation of a chondritic and CAI composition, respectively.
Such ratios are much lower than that of bulk chondrules
(McDonough et al., 2003) or of bulk chondrites (James and
Palmer, 2000).

2.1.6. Summary of the constraints brought by lithium-
beryllium-boron isotopic data on irradiation processes. The
major conclusions from the Li-Be-B isotopic variations
found in CAIs, hibonites, chondrules, and chondrites are:
(1) 10Be (T1/2 = 1.5 m.y.) and most probably 7Be (T1/2 =
53 d) were present in the solar system when CAIs and
hibonites formed with 10Be/9Be ratio ranging from ≈1.5 ×
10–3 to 0.4 × 10–3, and with 7Be/9Be ≈ 6 × 10–3; (2) there
is a priori no synchronicity that can be established between
10Be/9Be and 26Al/27Al ratios of CAIs and hibonites; and
(3) significant Li- and B-isotopic variations occurred in CAI
precursors, to a lesser extent in chondrule precursors, and
none are observed for Li in bulk chondrites. In addition, it
seems most likely that the variations observed for Li- and
B-isotopic ratios in CAIs reflect the presence of a fraction
of spallogenic Li and B of similar origin as 10Be and 7Be.
Thus, acceptable models must be able to explain not only
the abundance of 10Be observed in CAIs, but also why 10Be
seems decoupled from 26Al and why associated spallation
Li seems restricted to CAIs (and chondrules to a lesser
extent) and of course how 7Be can be incorporated in CAIs.
This latest constraint relies at the moment on observations
from only one Allende CAI and, in the case of the docu-
mentation of 7Be in other CAIs, would provide extremely

Fig. 4. Variations of (a) initial 10B/11B ratios vs. 10Be/9Be ratios
in CAIs and hibonites and (b) average 7Li/6Li ratios vs. 10Be/9Be
ratios in CAIs [data from McKeegan et al. (2000, 2001), Sugiura
et al. (2001), MacPherson et al. (2003), Marhas et al. (2002),
Marhas and Goswami (2003), and Chaussidon et al. (2003)]. For
the sake of clarity of the diagrams, errors are not shown. The two
curves are mixing curves calculated between a solar system (or
chondritic) composition and two compositions corresponding to
a chondritic or CAI composition in which spallation Li, Be, and
B have been produced in order to reach a 10Be/9Be ratio of 10–3

(see text for details). These latter two compositions simply model
two possible end members containing irradiation products. Note
that CAIs have average 7Li/6Li that differ strongly from bulk chon-
drites, perhaps more marked in type A. The mixing curves show
that most of the type A and type B CAIs have initial 10B/11B varia-
tions and average 7Li/6Li, which can be understood at first order
as reflecting the presence of various amounts of spallation B and
Li produced together with 10Be. The situation seems perhaps dif-
ferent with hibonites, but at present this cannot be ascertained be-
cause the precision on the initial 10B/11B of the hibonites is rather
poor, as the number of analyses for each hibonite is very limited
(individual grains are small).
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restricting conditions because of the very short half-life of
7Be (see section 3).

2.2. Neon-21 and Argon-36 Excesses in Meteorites

A vast literature exists on the exposure history of mete-
orites from studies of noble gas compositions (see reviews
by Caffee et al., 1988; Woolum and Hohenberg, 1993). It
has been shown that meteorites can have a rather complex
exposure history. While all have been exposed recently to
GCRs and to SCRs during their travel to Earth after ejec-
tion from their parent body (see Eugster et al., 2006), some
may have been exposed to energetic particles much earlier
in their history.

Neon-21 is a good indicator of irradiation since it is
low in abundance and easily produced by spallation reac-
tions between energetic particles and common rock-forming
elements such as Mg, Al, Si, and Fe. Large 21Ne excesses
relative to the spallogenic 21Ne produced during recent ex-
posure to GCRs have been found in meteoritic minerals be-
longing to CM chondrites and howardites (Caffee et al.,
1987). Two extreme views were proposed to explain the
preexposition of meteoritic mineral grains to energetic par-
ticles: an extremely long exposure to GCRs in an asteroi-
dal regolith or an exposition to an enhanced flux of early
SCRs (e.g., Caffee et al., 1987; Hohenberg et al., 1990).
Because the 21Ne excesses correlate with very heavy ion
nuclear track densities and because the long inferred pre-
exposure ages (on the order of a few hundred million years)
are incompatible with what is known of asteroidal regoliths
(Housen and Wilkening, 1982), Caffee et al. (1987) advo-
cated in favour of an active early Sun for the 21Ne excesses
in CM chondrites. For the Fayetteville chondrite, Wieler et
al. (1989) claimed, on the basis of noble gas data and a
complex regolith model, that 21Ne excesses can be ac-
counted for by exposure to GCRs in an asteroidal parent
body during ≈20 m.y. Since the last review on the subject
(Woolum and Hohenberg, 1993), work and debate have
focused on the gas-rich howardite, Kapoeta. Rao and co-
workers (Rao et al., 1997), combining new noble gas data
on separated feldspars with literature data, support the view
of an early active Sun (10× the flux of the contemporary
Sun, which could have lasted 500 m.y. or longer). Pun et
al. (1998) contend that their noble gas data for a diversity
of Kapoeta clasts can be accounted for by a regolith expo-
sure of 1.5–6.5 m.y. The Wieler et al. (2000) model calcula-
tions indicate that the observed excess 21Ne can be produced
by GCRs, and that there is no need for a SCR contribution.
These authors, however, acknowledge that the situation may
be different for the CM chondrites studied by Caffee et al.
(1987) and Hohenberg et al. (1990). Cosmogenic radionu-
clides (10Be, 26Al, 36Cl, and 53Mn) analyzed in separated
phases from the Kapoeta howardite show that all these ac-
tivities can be explained by a single 4π exposure stage of
Kapoeta lasting ≈3 m.y., and that the cosmogenic 21Ne ex-
cesses likely result from a 2π exposure at least 10 m.y. be-

fore the recent exposure to GCRs (Caffee and Nishiizumi,
2001).

Finally, recent in situ laser ablation rare gas analyses of
chondrules in the Yamato 791790 enstatite chondrite reveal
the presence of a subsolar (i.e., Ar-rich) component evi-
denced by high quantities of trapped 36Ar (Okazaki et al.,
2001). One proposed scenario for the presence of this
trapped 36Ar is that it was implanted in chondrules (or in
their precursors) by irradiation with SCRs during the T Tauri
phase of the Sun (Okazaki et al., 2001). At variance, the
Ne- and Ar-isotopic compositions recently analyzed in sev-
eral CAIs from the Allende chondrite can be interpreted as
reflecting the presence of cosmogenic Ne and Ar only; they
do not require the presence in CAIs of a trapped compo-
nent (Vogel et al., 2004).

2.3. Protons, Alpha Particles, X-Rays, and
Ultraviolet Irradiation as a Source of
Oxygen-, Hydrogen-, and Nitrogen-Isotopic
Variations in the Solar Nebula

Young stellar objects (YSOs) are characterized by in-
tense and highly variable emission of thermal X-rays from
gas heated to temperatures higher than 107 K, most likely
resulting from magnetohydrodynamical reconnection events
similar to solar flares (Feigelson and Montmerle, 1999). Pre-
main-sequence analogs of the young Sun exhibit time-av-
eraged emission around 1030 erg/s, about 103× higher than
the contemporary Sun, and individual flares with peaks of
1031–1032 erg/s occur on timescales of weeks (Wolk et al.,
2005). A mild secular decline in luminosity during the 0.1–
10-m.y. pre-main-sequence phase is seen, followed by a
steeper decline during the later main-sequence phase (Prei-
bisch and Feigelson, 2005). Considerable star-to-star varia-
tion in flaring levels is seen. X-rays are accompanied by
an intense far-UV radiation. Although there is not yet any
definite proof for traces in meteorites of X-ray and/or UV
irradiation around the early Sun, such an irradiation is called
upon more and more to explain part of the large isotopic
anomalies observed in the solar system for several light
elements.

This is the case first for the non-mass-dependent O-iso-
topic anomaly (see reviews by Clayton, 1993; McKeegan
and Leshin, 2001). By analogy with recent observations
of non-mass-dependent O-isotopic variations in molecular
clouds (Sheffer et al., 2002), it has been recently re-pro-
posed [this idea was first proposed by Thiemens and Hei-
denreich (1983) but was abandoned over the years] that self-
shielding of CO from UV photodissociation could signifi-
cantly enhance the trace species C17O and C18O relative to
the dominant species C16O in the interior of the nebula,
where the photodissociation lines of trace species are less
shielded than that of C16O (Clayton, 2002a). In such a view,
the 16O-rich composition of CAIs from primitive chondrites
(δ17O = δ18O ≈ –50‰) would be that of the protosolar gas
before irradiation. At the time of this article, the Genesis
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samples have been returned to Earth with their solar wind
collectors, but O-isotopic analyses have not yet been per-
formed, so the δ17O and δ18O values of the Sun and by
inference the protosolar gas are still unknown. However,
recent ion microprobe analyses by depth profiling in me-
tallic grains from the lunar regolith (Hashizume and Chaus-
sidon, 2005) indicate that solar energetic particles are indeed
enriched in 16O by ≈20‰ relative to bulk meteorites. This
would imply δ17O and δ18O values for the protosolar nebula
of –40 ± 8‰ or lower along the slope 1 line in the classical
three-oxygen-isotope diagram (Hashizume and Chaussidon,
2005), in agreement with the idea that CAIs have an un-
modified protosolar O-isotopic composition. Calculations
developed to model isotope-selective photodissociation of
CO by UV light show that very few wavelengths may be
available for CO self-shielding (Chakraborty and Thiemens,
2005), and that in any case conditions must be found in
which the isotopic anomaly produced can be transferred to
a solid fast enough to avoid reequilibration with the ambi-
ent gas. Different astrophysical settings have been proposed:
the presolar molecular cloud (Yurimoto and Kuramoto,
2004), the surface region of the protosolar nebula (Lyons
and Young, 2005), or the inner protosolar nebula irradiated
by the young Sun (Clayton, 2002a).

A similar self-shielding of N2 gas has also been proposed
(Clayton, 2002b) to explain the systematic enrichment in
15N of meteoritic components relative to the gas of the
protosolar nebula, which was 15N-poor as indicated by the
isotopic composition of solar wind N implanted at the sur-
face of lunar soil grains [δ15N < –240‰ (Hashizume et al.,
2000)] and of ammonia in the atmosphere of Jupiter [δ15N =
–380 ± 80‰ (Owen et al., 2001)]. Interestingly, the proto-
solar nebula was also probably 13C-poor [δ13C of solar wind
implanted at the surface of lunar soils grains <–120‰
(Hashizume et al., 2004)] compared to meteorites and self-
shielding of CO, already proposed to cause 17O and 18O en-
richments, might cause similarly 13C enrichments.

Another possible way for irradiation processes to pro-
duce large isotopic anomalies in the early solar system could
be by promoting ion-molecule reactions. This has recently
been proposed to explain the correlated D enrichments (rela-
tive to the protosolar D/H ratio of 21 ± 5 × 10–6) observed
in water and organic matter contained in meteorites, inter-
planetary dust particles (IDPs), and comets (Robert, 2002).
In such a model, X-rays emitted from the T Tauri Sun will
penetrate deeply into the gaseous disk, increase its tempera-
ture and ionization, and promote ion-molecule reactions in
which isotopic exchange will take place between, for in-
stance, H3

+ and HD or between CH3
+ and HD (Glassgold et

al., 2000; Robert, 2002; Montmerle, 2002; Semenov et al.,
2004). Similar reactions can also fractionate N isotopes and
explain the relationship observed between the H- and N-
isotopic compositions of organic matter in IDPs, meteor-
ites, and comets (Aléon and Robert, 2004). Finally, it must
also be noted here that theoretically D might be produced
during spallation reactions on, for instance, O by high-en-
ergy protons accelerated around the T Tauri Sun (Robert et
al., 1979).

Finally, it must be mentioned that chondrites may have
preserved in their matrix grains condensed from the irradi-
ated protosolar gas. Recently, silica-rich grains with large
18O/16O and 17O/16O ratios up to 1.2 × 10–1 and up to 7.7 ×
10–2, respectively, were discovered embedded in the acid-
insoluble organic matter extracted from the Murchison CM2
carbonaceous chondrite (Aléon et al., 2005a). Although
such extremely high isotope ratios were observed once in
a post-asymptotic-giant-branch star (Cami and Yamamura,
2001), they are not predicted by evolved star nucleosyn-
thesis. Rather, the observed O-isotopic ratios are predicted
in case of selective trapping of O produced by irradiation
of a gas of solar composition with particles akin to 3He-
rich impulsive solar flares. Because of the high abundance
(almost 1 ppm) of these grains in the host meteorite and the
absence of large Si- and Mg-isotopic anomalies (Aléon et
al., 2005a,b), it has been suggested that these grains could
be condensates of an irradiated gas around the young Sun.

Thus, it seems quite feasible that irradiation processes by
protons, α particles, X-rays, and UV around the T Tauri Sun
might have produced large isotope variations of the light
elements (H, C, N, and O) in the protosolar nebula. How-
ever, at the present stage it is extremely difficult to quan-
tify these effects at the scale of the nebula because this will
critically depend on parameters such as the optical thick-
ness, the ionization rate, or the temperature of the disk.

2.4. Chemical and Structural Modifications of
Silicates Induced by Irradiation with Protons,
Alpha Particles, and Electrons

Since the discovery of the presence of thin amorphous
rims in the Apollo lunar soil grains (Dran et al., 1970;
Bibring et al., 1972), several studies were conducted in
order to assess how the implantation of solar wind ions (few
KeV/nucleon) can produce amorphous rims within the first
50 nm below the surface of silicate grains (e.g., Borg et al.,
1980). Other processes such as vapor deposition also oper-
ate in the formation of the rims of the lunar soil grains
(Keller and McKay, 1997). Apart from the lunar soils, the
irradiation by protons and α particles of silicates was stud-
ied experimentally in order to understand the peculiar chem-
istry of irradiated grains present in IDPs (Bradley, 1994).
These experiments showed that irradiation can induce a
preferential sputtering of cations with the lowest binding
energy and result, for instance, in Mg depletion and O ex-
cesses (Bradley et al., 1996). Following these first results,
a number of experimental studies were conducted in order
to determine the structural and chemical changes induced
in silicate grains during their possible irradiation in the
interstellar space and in a circumstellar environment (Demyk
et al., 2001; Carrez et al., 2002a,b, and references therein).
These studies documented different effects induced by He+

irradiation of olivine such as amorphization, preferential
sputtering leading to a decrease of O/Si and Mg/Si ratios,
and production of metallic iron by reduction. In addition,
it was also shown that nucleation and growth of MgO and
forsterite crystals was promoted by electron irradiation of
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MgSiO3 glasses previously irradiated by He+ ions. These
processes might be relevant for the evolution of grains
around the forming Sun in the accretion disk as suggested
by the recent finding in the Ningqiang carbonaceous chon-
drite of an inclusion containing olivines and pyroxenes par-
tially annealed and surrounded by amorphous rims (Zolen-
sky et al., 2003). These rims were suggested to be formed
during an energetic solar event such as a bipolar outflow
or a FU-Orionis flare. Interestingly, these amorphous rims
were shown to contain high concentrations of heavy pri-
mordial rare gases (36Ar, 84Kr, and 132Xe) whose concen-
tration ratios are compatible with an origin by implantation
of solar gases fractionated by incomplete ionization under
plasma conditions at 8000 K electron temperature (Naka-
mura et al., 2003).

3. IRRADIATION MODELS FOR THE
ORIGIN OF SHORT-LIVED

RADIONUCLIDES

3.1. Introduction

Extinct short-lived radionuclides (SRs) are radioactive
isotopes that were alive when the first solar system solids
formed. They are now extinct, because their half-life is short
compared to the age of the solar system. Some SRs were
present within the most primitive (oldest) components of
meteorites (i.e., CAIs and chondrules) at a level higher than
what is expected by a continuous galactic nucleosynthesis
(e.g., Meyer and Clayton, 2000). This is especially the case
of the ones with the shorter half-lives: 7Be (T1/2 = 53 d),
10Be (T1/2 = 1.5 m.y.), 26Al (T1/2 = 0.74 m.y.), 36Cl (T1/2 =
0.30 m.y.), 41Ca (T1/2 = 0.10 m.y.), 53Mn (T1/2 = 3.7 m.y.),
and 60Fe (T1/2 = 1.5 m.y.). The presence in the solar accre-
tion disk of these radionuclides is usually attributed to a last-
minute origin (see recent reviews by Goswami and Vanhala,
2000; Russell et al., 2001). A favored model is a stellar
nucleosynthesis followed by an immediate injection in the
nascent solar system (e.g., Busso et al., 2003). An alterna-
tive theory is production by irradiation of dust and/or gas
by accelerated particles (e.g., Goswami and Vanhala, 2000).
A special origin [trapping of GCRs in the molecular cloud
core; see also Clayton and Jin (1995)] has been recently
proposed for 10Be (Desch et al., 2004). Here, we will dis-
cuss only the irradiation models for the production of SRs,
and refer to Meyer and Zinner (2006) for the stellar pro-
duction of SRs. The major aim of these various models is
to establish if a fraction of the SRs can be produced in the
progenitor molecular cloud core or in the protosolar nebula.
This excludes 60Fe since this radionuclide is neutron-rich
and therefore it is not possible to produce it at appreciable
levels by irradiation (e.g., Lee et al., 1998). Because 60Fe
can be brought within the solar system by a supernova with-
out coproducing other SRs (e.g., Busso et al., 2003), the
presence of 60Fe within meteorites does not rule out an irra-
diation origin for other SRs such as 26Al.

Irradiation models for the origin of SRs (and other ele-
ments) have been introduced very early by astrophysicists

(Fowler et al., 1962). Their principle is extremely simple:
Accelerated particles with MeV or higher energies react
with ambient matter to produce new isotopes via nuclear
reactions. For a nuclear reaction between a cosmic ray CR
and a target T producing the radionuclide R, the produc-
tion ratio of radionuclide isotopes (NR) relative to a stable
isotope (NS) can be written as

∫σ(E)N(E)dE
xS

xj
T

= F0∆t        yi
CR NS

NR ∑
i

∑
j

(1)

where F0 is the proton flux, ∆t the irradiation time, yi
CR the

abundance of cosmic rays (3He, 4He) relative to protons,
xT the target abundance, xS the stable-isotope abundance
number, σ(E) the nuclear cross section, N(E) the energy
spectrum of protons, and E the energy of protons. Because,
for a given radionuclide, there are a diversity of production
reactions, the yield is summed over all the target possibili-
ties (j) and all the impinging particle possibilities (i).

What mainly distinguishes the different irradiation mod-
els are (1) the astrophysical context of irradiation (e.g., mo-
lecular clouds vs. early solar system), (2) the physical nature
of the targets (solid or gaseous), (3) the chemistry of the
target, (4) the source of the cosmic rays, and (5) the location
of the irradiated targets relative to the source of the cosmic
rays. Models are not easy to compare, as the roster of ob-
served SRs having a possible irradiation origin has dramati-
cally increased over the years; they include from 26Al alone
to 7Be, 10Be, 26Al, 36Cl, 41Ca, and 53Mn. For example, ex-
tinct 36Cl, for which only hints of its existence were reported
eight years ago (Murty et al., 1997), is now a well-docu-
mented SR (Lin et al., 2005). In addition, it is not always
clear for a given SR if a last-minute origin is needed, ei-
ther because its initial abundance is disputed, or because
models of continuous galactic production are uncertain. The
best example of this case is 53Mn, whose initial abundance
in CAIs varies within an order of magnitude (Birck and
Allègre, 1985; Lugmair and Shukolyukov, 1998; Papanas-
tassiou et al., 2002), and for which the modeling of steady-
state abundance in the galaxy is complicated by the diversity
of its stellar sources (e.g., Meyer and Clayton, 2000). Fi-
nally, it has been recently demonstrated that the “canoni-
cal” 26Al/27Al ratio, taken as the early solar system initial
value and used in all models aiming at calculating the pro-
duction of SRs, is the result of thermal resetting (Young et
al., 2005). We shall present each model independently,
without trying to cross-compare them.

3.2. Irradiation Models

Early attempts to produce SRs via irradiation have been
developed soon after the discovery of 26Al (Lee et al., 1976,
1977). They were aiming at reproducing the abundance of
26Al only, since other SRs possibly produced by irradiation
had not yet been discovered. All workers considered irra-
diation of a gas within the solar system by protons (Hey-
mann and Dziczkaniec, 1976; Clayton et al., 1977; Dwek,
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1978b; Heymann et al., 1978; Lee, 1978). While Lee’s
(1978) model was specifically aiming at reproducing the
16O anomalies discovered a few years before by Clayton et
al. (1973), Dwek (1978b) predicted a collateral anomaly of
41Ca that was to be discovered some years later (Srinisavan
and Goswami, 1994).

The discovery of γ-ray lines attributed to the interaction
of accelerated particles (cosmic rays) with ambient matter in
the Orion molecular cloud (Bloemen et al., 1994) prompted
studies examining the possibility of producing light ele-
ments (Cassé et al., 1995) and SRs in the context of the
molecular cloud core progenitor of our solar system. Clay-
ton (1994) first proposed that 26Al could be produced at the
meteoritic level by nuclear reaction of low-energy heavy
cosmic rays with ambient cloud core matter. In addition to
nuclear reactions, Clayton and Jin (1995) added the possi-
bility of direct stopping of 26Al low-energy (~100 MeV/A)
cosmic rays within the cloud core. Ramaty et al. (1996)
have suggested that 41Ca could have been produced by nu-
clear reaction of low-energy heavy cosmic-rays with am-
bient cloud core matter, but that production of 26Al at a level
comparable to that of meteoritic matter would have over-
produced 6Li and 9Be. All these studies were largely based
on the observations of γ-ray lines in Orion that have been
subsequently retracted (Bloemen et al., 1999). It must, how-
ever, be mentioned that the retraction of the observations
does not preclude the existence of this process in molecular
clouds, as long as low-energy cosmic-ray fluxes are high
enough.

Goswami et al. (2001) have introduced α reactions for
producing SRs via irradiation, and looked at the proton flux
enhancement and irradiation time needed to reproduce the
meteoritic abundances of 26Al, 36Cl, 41Ca, and 53Mn. They
assumed that protons and α particles had free access to neb-
ular regions where meteorites are supposed to have been
irradiated. Since nebular gas shielding is neglected in this
model, only minimum flux enhancements and irradiation
times are calculated. Solid particles having sizes between
10 µm and 1 cm and distributed according to a power law
were considered. The flux of solar energetic particles (SEP)
was represented as a power law in kinetic energy (dN ~
E–γdE) or an exponential law in rigidity (dN ~ exp(–R/R0)).
They concluded that a flux enhancement of 105 and an
irradiation time of 106 yr were needed to produce 26Al in
amounts necessary to match the meteorite data, and that no
combination of flux enhancement factor and irradiation time
can lead to the co-production of 26Al and other SRs (Gos-
wami et al., 2001). This work was complemented by a study
by Marhas et al. (2002) aimed at understanding the decoup-
ling between 26Al and 41Ca (Sahijpal et al., 1998) and 10Be
(Marhas et al., 2002) in some rare hibonite-bearing CAIs.
Using the same irradiation model, and including 10Be in the
calculations, they show that it was possible to synthetize
10Be without co-producing 26Al and 41Ca as long as the SEP
power law index is low (γ ~ 2). The same group concluded
that, if 10Be was produced by a SEP having a flat energy
spectrum (γ ~ 2), 53Mn was underproduced relative to the
meteorite value (Marhas and Goswami, 2003).

Fig. 5. Simplified cartoon illustrating the irradiation scheme in the context of the x-wind model (e.g., Shu et al., 1994, 1996, 1997;
Lee et al., 1998; Gounelle et al., 2001, 2004). This is also the broad picture used by Leya et al. (2003). Proto-CAIs are irradiated close
to the proto-Sun at a distance of 0.06 AU and transported at asteroidal distance. Irradiating proto-CAIs close to the proto-Sun and
subsequently transporting them to asteroidal distances has the distinct advantage of solving the problem of nebular gas shielding (Lee
et al., 1998).
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The x-wind model for the formation of chondrites (Shu
et al., 1994, 1996, 1997, 2001) provides a natural solution
to a stringent problem of irradiation models: the shielding
due to the nebular gas. In the x-wind model, CAIs and chon-
drules are formed close to the Sun and transported at aste-
roidal distances by the x-wind (see Fig. 5). Because CAIs
and chondrules are formed in a gas-free region, they can
be irradiated as bare rocks, minimizing energy losses of the
accelerated particles in the gas. Another conceptual advan-
tage of this scheme is that CAIs and chondrules are irradi-
ated close to where proton and He nuclei are accelerated,
making irradiation more efficient. Lee et al. (1998) cal-
culated yields for 26Al, 41Ca, and 53Mn considering irradi-
ated solids of chondritic composition and distinguishing, by
analogy with the contemporary Sun, between impulsive
events (3He-rich and steep SEP spectrum) and gradual events
(3He-poor and flat SEP spectrum) (e.g., Reames, 1995).
Introducing 3He reactions leads to the possibility of produc-
ing 26Al at high levels, via the reaction 24Mg(3He,p)26Al. In
the case of impulsive flares, Lee et al. (1998) could repro-
duce the meteoritic abundance of 26Al and 53Mn, but over-
produced 41Ca by 2 orders of magnitude via the reaction
40Ca(3He,pn)41Ca. Calcium-41 overproduction was solved
by postulating targets with a layered structure (Gounelle et
al., 2001; Shu et al., 2001). This layered structure has the
advantage of self-shielding 40Ca, the main target for 41Ca
production, while keeping 24Mg (the main target for 26Al
production) unshielded. It is also possible that the 41Ca/40Ca
ratio recorded in CAIs is, similarly to 26Al, the result of a
protracted sojourn of the CAIs in the solar nebula, and that
the initial 41Ca/40Ca was higher than 1.5 × 10–8. In these
calculations, the proton luminosity (4.5 × 1029 erg s–1) is
deduced from the X-ray observations of protostars (Mont-
merle, 2002; Feigelson et al., 2002), scaled to the contempo-
rary Sun. A 7Be/9Be ratio of 0.003 was calculated (Gounelle
et al., 2003), close to the experimental value later found by
Chaussidon et al. (2004). The issue of the decoupling of
10Be with 26Al and 41Ca in rare hibonites was addressed by
Gounelle et al. (2004), who proposed that impulsive flares
events can coproduce 7,10Be, 26Al, 41Ca, and 53Mn while rare
gradual flare events can produce 10Be without producing
other SRs.

Leya et al. (2003) calculated the production via irradia-
tion of some SRs whose presence had been reported in the
early solar system (7Be, 10Be, 26Al, 41Ca, 53Mn, 60Fe, and
92Nb) and of some SRs yet to be discovered or confirmed
(14C, 22Na, 36Cl, 44Ti, 54Mn, 63Ni, and 91Nb). Following
the x-wind model (Shu et al., 1996, 1997), irradiation is
achieved close to the Sun, and irradiated CAIs and chon-
drules are subsequently transported to asteroidal distances
by the x-wind. They explore gas targets having a CI and a
CAI composition, and consider the ratio between impulsive
and gradual events as a free parameter. Shielding from the
gas is ignored. Calculations are presented relative to the
measured meteorite value of 10Be/9Be. They show that pure
gradual events can coproduce 10Be, 26Al, 41Ca, 53Mn, and
92Nb within a factor of 10 in the case of a solar chemistry

and provides useful prediction for other SRs. Leya et al.
(2003) show that it is not possible to co-produce all the SRs
of interest in the case of CAI chemistry. They can produce
7Be at the high level first announced by Chaussidon et al.
(2002), 1 order of magnitude larger than the recently re-
ported ratio (Chaussidon et al., 2004). The production of
10Be, 26Al, 41Ca, 53Mn, and 92Nb requires irradiation times
of ~ 1 m.y., if one assumes a 105 enhancement factor of the
proton flux in the early Sun (Feigelson et al., 2002). Be-
cause of its very short half-life, 7Be is produced on time-
scales of ~1 yr, and would need proton fluxes 5 orders of
magnitude larger than the ones inferred for protostars (Leya
et al., 2003). Although they appear different at first glance,
Leya et al.’s (2003) conclusions are in line with that of Lee
et al. (1998): The calculated 41Ca/26Al ratio is roughly 2
orders of magnitude higher than the measured ratio. Be-
cause Leya et al. (2003) estimate their uncertainties to be
within a factor of 10, they accept that 26Al could have been
underproduced by a factor of 10, and 41Ca overproduced
by a factor of 10 (Fig. 6). The 36Cl/35Cl ratio calculated by
Leya et al. (2003) (~1.3 × 10–4) is 1 order of magnitude
higher than the recently measured 36Cl/35Cl ratio in alter-
ation phases of CAIs [~up to 1.1 ± 0.2 × 10–5 (Lin et al.,
2005)]. One should, however, keep in mind that the initial
36Cl content of CAIs was probably higher than the one
measured in CAI alteration phases (Lin et al., 2005).

3.3. Irradiation Model Uncertainties

From equation (1), it is clear that the yield of a given
ST depends on several poorly known parameters. Among
the major uncertainties are the nuclear cross sections. For
many reactions, there are no experimental data, and calcu-
lated cross sections provided by nuclear codes are used.
These calculated cross sections are usually estimated to be
accurate within a factor of 2 (Lee et al., 1998; Leya et al.,
2003), although discrepancies might be larger. A test of such
predictions was recently obtained (Fitoussi et al., 2004)
from the experimental determination of the cross sections
for the reaction 24Mg(3He,p)26Al, crucial in the production
of 26Al in the context of the x-wind model (Lee et al., 1998).
The measured cross sections are shown in Fig. 7 to illus-
trate the accuracy of the nuclear codes used, and to give an
idea of the nuclear cross sections values at the energies
considered. The experimental determinations (Fitoussi et al.,
2004) are within a factor of 2–3 of the calculated cross
section (Lee et al., 1998).

The nature and intensity of accelerated particles in the
proto-Sun are another source of uncertainty. Undoubtedly,
the high and variable X-ray activity of protostars suggests
that there might have been associated accelerated protons
and He nuclei at MeV energies (Feigelson et al., 2002). How
the X-ray luminosity observed within protostars can be trans-
lated into a proton luminosity depends on the nature of the
flares, on their spatial position relative to the stars (Mont-
merle et al., 2000; Montmerle, 2002), and on the flaring
physics. It is also still unknown exactly when the enhanced
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X-ray activity of protostars begins or ends. Ignorance of the
nature of accelerated particles gives uncertainties about F0,
yi

CR, and N(E). At the moment, the best approach is to in-
fer X-ray data from protostars and the expected flux levels
of accelerated protons from solar physics. Better constrain-
ing these parameters is an important task for the coming
years since some models (Gounelle et al., 2001) need abun-
dances of 3He nuclei compared to protons that belong to
the high range of what is observed in the contemporary Sun
(Torsti et al., 2002).

The irradiation time interval ∆t is unknown. Most mod-
elers (Goswami et al., 2001; Marhas et al., 2002; Marhas
and Goswami, 2003; Leya et al., 2003) use it as a free pa-
rameter that vary between short (1 yr) and longer timescales
(1 m.y.). In the x-wind model, it is constrained by the fluc-
tuations of the x-point on timescales of 1–10 yr (Gounelle
et al., 2001). If irradiation in the early solar system is linked
to the protostar and T Tauri stage of our star, it constrains
∆t to be inferior to a few million years (see Russell et al.,
2006). More important constraints on ∆t may be obtained
from radionuclides with very short half-lives, such as 7Be.

The last major source of uncertainty is the chemical
composition of the irradiated solid or gas (xT, xS). This is
especially true in the x-wind model (Gounelle et al., 2001),
where a layered structure of proto-CAIs has to be used to
produce 41Ca at the correct abundance. However, one should
note that all modelers use either chondritic chemistry, or
CAI chemistry, or a combination of both as a reasonable
assumption for the composition of CAI precursor material.
This chemistry should not be far away from the real chem-
istry of CAIs precursors. Note also that irradiation of phases
like olivines, which are observed in the interstellar medium
and are very likely to be a major component of the dust in

Fig. 6. Results of three different irradiation models for the pro-
duction of SRs, illustrating the diversity of approaches. Details
of the models are given in the text. (a) Model of Marhas et al.
(2002). All calculations are normalized to the meteoritic value of
10Be/9Be. Yields are calculated for 26Al, 53Mn, and 41Ca as a func-
tion of the irradiation time for a SEP spectral index γ = 2 (with
dN/dE = K E–γ, see text). For such a spectral index, no SR is
coproduced with 10Be. (b) Model of Gounelle et al. (2001, 2004).
Absolute yields of 7Be, 10Be, 26Al, 41Ca, and 53Mn normalized to
their respective meteoritic values. Impulsive flares (γ = 4, thick
line) and gradual flares (γ = 2.7, dotted line) are shown. For grad-
ual flares, all SRs are underproduced relative to 10Be as in the
previous model, while in impulsive flares all SRs are produced at
the meteoritic level within a factor of a few. (c) Model of Leya et
al. (2003). Yields of 26Al, 41Ca, and 53Mn are normalized to their
meteoritic value, and relative to the meteoritic abundance of 10Be.
Yields for solar chemistry and CAI chemistry are shown as a func-
tion of the fluence ratio of SEP events (gradual/impulsive). For pure
gradual events, in the case of solar chemistry, Leya et al. (2003)
have been able to reproduce the early solar system abundance of
SRs under scrutiny (gray field) within an order of magnitude.

Fig. 7. Predicted and measured nuclear cross sections of the re-
action 24Mg(3He,p)26Al. The predicted excitation function has
been calculated using Hauser-Feshbach and fragmentation codes
(Lee et al., 1998). The measured cross section (circles) recently
determined by Fitoussi et al. (2004) are less than 4× smaller and
within the range of predicted values (Lee et al., 1998).
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the solar accretion disk, can produce the 10Be, 26Al, and 41Ca
abundances observed in CAIs (McKeegan et al., 2000) be-
cause of their Al- and Ca-poor chemistry.

4. CONCLUSIONS

A growing suite of observations indicate that a fraction
of the gas and dust present in the protosolar nebula around
the forming Sun was irradiated with energetic photons and
particles. Astronomical observations show the ubiquitous
presence of powerful X-ray flares in pre-main-sequence
stellar systems (e.g., Montmerle, 2002; Feigelson et al.,
2002; Preibisch and Feigelson, 2005; Wolk et al., 2005),
plus new evidence that the X-rays penetrate the disk (Tsuji-
moto et al., 2005; Kastner et al., 2005). Radio gyrosynchro-
tron emission from MeV electrons is seen in some systems
(Feigelson and Montmerle, 1999). Together, these astro-
nomical studies provide a strong empirical basis for mod-
els of energetic irradiation of early solar system materials.
Traces of these irradiation processes (e.g., 21Ne, 10Be, etc.)
are most likely present in meteorites. If new evidence of
the in situ decay of 7Be is found in the near future in other
CAIs, the presence of 7Be in the protosolar nebular when
CAIs formed will provide strong support for irradiation
having taken place in the early solar system.

The origin of SRs is an especially controversial aspect
of meteoritics. A whole-stellar origin has undoubtedly been
the predominant theory for the last decades (for a review,
see Goswami and Vanhala, 2000). The discovery of 10Be
(McKeegan et al., 2000) has partly changed the situation
since Be isotopes are not made in stars (Reeves, 1994).
Although it has been proposed that 10Be could have had a
GCR origin (Desch et al., 2004), most modelers contend
that it has been produced by irradiation within the early
solar system (McKeegan et al., 2000; Gounelle et al., 2001;
Leya et al., 2003; Marhas et al., 2002). Thus, the presence
of 10Be (and possibly of 7Be) justifies reevaluating the pos-
sibility that some SRs are created by irradiation around the
young Sun. Models of irradiation produced remarkably
different results, some predicting quite well the observed
abundances of the major SRs found in CAIs (7Be, 10Be,
26Al, 41Ca, and 53Mn). Nevertheless, there is at present no
model that can account for the initial abundance of these
major SRs without requiring special conditions (e.g., high
proton fluxes) or a special nature or composition of the irra-
diated targets (e.g., unobserved structure for proto-CAIs).
However, the uncertainties in nuclear cross sections leave
much room for model improvements. New observations of
SRs [e.g., 36Cl in CAI alteration products (Lin et al., 2005)],
as well as a refined knowledge of the initial solar system
content of 26Al and 41Ca, will prompt such improvements.

Finally it must be stressed that irradiation processes
around the early Sun are not only relevant for the produc-
tion of SRs in the early solar system, but are also consid-
ered to explain (1) some of the large isotopic variations ob-
served for light elements (H, C, N, O) in meteorites through
UV-self shielding or X-ray enhanced ion-molecule reactions

and (2) chemical and mineralogical modifications of grains
in the nebula.

Acknowledgments. We are grateful to E. Feigelson for his
help and suggestions concerning astrophysical observations of
young stars, to J. Aléon for making available his latest results con-
cerning the discovery of silica grains with large O-isotopic anoma-
lies, and to S. Russell and K. Marti for reviews and numerous
comments. This work was supported by Région Lorraine and PNP/
INSU grants. This is CRPG-CNRS contribution #1776.

REFERENCES

Aléon J. and Robert F. (2004) Interstellar chemistry recorded by
nitrogen isotopes in solar system organic matter. Icarus, 167,
424–430.

Aléon J., Robert F., Duprat J., and Derenne S. (2005a) Extreme
oxygen isotope ratios in the early solar system. Nature, 437,
385–388.

Aléon J., Hutcheon I. D., Weber P. K., and Duprat J. (2005b)
Magnesium isotopic mapping of silica-rich grains with extreme
oxygen isotopic anomalies( abstract). In Lunar and Planetary
Science XXXVI, Abstract #1901. Lunar and Planetary Institute,
Houston (CD-ROM).

Anders E. and Grevesse N. (1989) Abundance of the elements:
Meteoritic and solar. Geochim. Cosmochim. Acta, 53, 197–214.

Barrat J. A., Chaussidon M., Bohn M., Gillet Ph., Göpel C., and
Lesourd M. (2005) Lithium behavior during cooling of a dry
basalt: An ion microprobe study of the lunar meteorite North-
west Africa 479 (NWA 479). Geochim. Cosmochim. Acta, in
press.

Beck P., Barrat J. A., Chaussidon M., Gillet Ph., and Bohn M.
(2004) Li isotopic variations in single pyroxenes from the
Northwest Africa 480 shergottite (NWA 480): A record of
degasing of Martian magmas? Geochim. Cosmochim. Acta, 68,
2925–2933.

Bibring J.-P., Duraud J. P., Durrieu L., Jouret C., Maurette M.,
and Meunier R. (1972) Ultrathin amorphous coatings on lu-
nar dust grains. Science, 264, 1779–1780.

Birck J.-L. and Allègre C.-J. (1985) Evidence for the presence of
53Mn in the early solar system. Geophys. Res. Lett., 12, 745–
748.

Bloemen H. and 12 colleagues (1994) COMPTEL observations of
the Orion complex: Evidence for cosmic-ray induced gamma-
ray lines. Astron. Astrophys., 281, L5–L8.

Bloemen H. and 13 colleagues (1999) The revised COMPTEL
Orion results. Astrophys. J. Lett., 521, L137–L140.

Borg J., Chaumont J., Jouret C., Langevin Y., and Maurette M.
(1980) Solar wind radiation damage in lunar dust grains and
the characteristics of the ancient solar wind. In Proceedings
of the Conference on the Ancient Sun, pp. 431–461. Pergamon,
New York.

Bradley J. P. (1994) Chemically anomalous, preacrretionally irra-
diated grains in interplanetary dust from comets. Science, 265,
925–929.

Bradley J. P., Dukes C., Baragiola R., McFadden L., Johnson
R. E., and Brownlee D. E. (1996) Radiation processing and the
origins of interplanetary dust particles (abstract). In Lunar and
Planetary Science XXVII, pp. 149–150. Lunar and Planetary
Institute, Houston.

Burbidge E. M., Burbidge G. R., Fowler W. A., and Hoyle F.



336 Meteorites and the Early Solar System II

(1957) Synthesis of the elements in stars. Rev. Mod. Phys., 29,
547–650.

Burnett D. S., Fowler W. A., and Hoyle F. (1965) Nucleosynthe-
sis in the early solar system. Geochim. Cosmochim. Acta, 29,
1209–1241.

Busso M., Gallino R., and Wasserburg G. J. (2003) Short-lived
nuclei in the early solar system: A low mass stellar source?
Publ. Astron. Soc. Australia, 20, 356–370.

Caffee M. W. and Nishiizumi K. (2001) Exposure history of sepa-
rated phases from the Kapoeta howardite. Meteoritics & Planet.
Sci., 36, 429–437.

Caffee M. W., Hohenberg C. M., Swindle T. D., and Goswami
J. N. (1987) Evidence in meteorites for an active early sun.
Astrophys. J. Lett., 313, L31–L35.

Caffee M. W., Goswami J. N., Hohenberg C. M., Marti K., and
Reedy R. C. (1988) Irradiation records in meteorites. In Mete-
orites and the Early Solar System (J. F. Kerridge and M. S.
Matthews, eds.), pp. 205–245. Univ. of Arizona, Tucson.

Cami J. and Yamamura I. (2001) Discovery of anomalous oxygen
isotopic ratios in HR 4049. Astron. Astrophys., 367, L1–L4.

Carrez P., Demyk K., Cordier P., Gengembre L., Grimblot J.,
d’Hendecourt L., Jones A. P., and Leroux H. (2002a) Low-
energy helium iom irradiation-induced amorphization and
chemical changes in olivine:  Insights for silicate dust evolu-
tion in the interplanetary medium. Meteoritics & Planet. Sci.,
37, 1599–614.

Carrez P., Demyk K., Leroux H., Cordier P., Jones A. P., and
d’Hendecourt L. (2002b) Low-temperature crystallization of
MgSiO3 glasses under electron irradiation: Possible implica-
tions for silicate dust evolution in circumstellar environments.
Meteoritics & Planet. Sci., 37, 1615–1622.

Cassé M., Lehoucq R., and Vangioni-Flam E. (1995) Production
and evolution of light elements in active star forming regions.
Nature, 373, 318–319.

Chakraborty S. and Thiemens M. H. (2005) Evaluation of CO self-
shielding as a possible mechanism for anomalous oxygen iso-
topic composition of early solar system materials (abstract).
In Lunar and Planetary Science XXXVI, Abstract #1113. Lu-
nar and Planetary Institute, Houston (CD-ROM).

Chaussidon M. and Robert F. (1995) Nucleosynthesis of 11B-rich
boron in the pre-solar cloud recorded in meteoritic chondrules.
Nature, 374, 337–339.

Chaussidon M. and Robert F. (1998) 7Li/6Li and 11B/10B varia-
tions in chondrules from the Semarkona unequilibrated chon-
drite. Earth Planet Sci. Lett., 164, 577–589.

Chaussidon M., Robert F., and McKeegan K. D. (2001) Lithium
and boron isotopic compositions of refractory inclusions from
primitive chondrites: A record of irradiation in the early solar
system (abstract). In Lunar and Planetary Science XXXII,
Abstract #1862. Lunar and Planetary Institute, Houston (CD-
ROM).

Chaussidon M., Robert F., and McKeegan K. D. (2002) Incorpo-
ration of short-lived 7Be in one CAI from the Allende meteor-
ite (abstract). In Lunar and Planetary Science XXXIII, Abstract
#1563. Lunar and Planetary Institute, Houston (CD-ROM).

Chaussidon M., Robert F., Russell S. S., Gounelle M., and Ash
R. D. (2003) Variations of apparent 10Be/9Be ratios in Leoville
MRS-06 type B1 CAI: Constraints on the origin of 10Be and
26Al (abstract). In Lunar and Planetary Science XXXIV, Ab-
stract #1347. Lunar and Planetary Institute, Houston (CD-
ROM).

Chaussidon M., Robert F., and McKeegan K. D. (2004) Li and B
isotopic variations in Allende type B1 CAI 3529-41: Traces of

incorporation of short-lived 7Be and 10Be (abstract). In Lunar
and Planetary Science XXXV, Abstract #1568. Lunar and Plane-
tary Institute, Houston (CD-ROM).

Chaussidon M., Robert F., and McKeegan K. D. (2005) Li and B
isotopic variations in an Allende CAI: Evidence for the in situ
decay of short-lived 10Be and for the possible presence of the
short-lived nuclide 7Be in the early solar system. Geochim.
Cosmochim. Acta, in press.

Clayton D. D. (1994) Production of 26Al and other extinct radio-
nuclides by low-energy heavy cosmic rays in molecular clouds.
Nature, 368, 222–224.

Clayton D. D. and Jin L. (1995) Gamma-rays, cosmic rays, and
extinct radioactivities in molecular clouds. Astrophys. J., 451,
681–699.

Clayton D. D., Dwek E., and Woosley S. E. (1977) Isotopic
anomalies and proton irradiation in the early solar system.
Astrophys. J., 214, 300–315.

Clayton R. N. (1993) Oxygen isotopes in meteorites. Annu. Rev.
Earth Planet. Sci., 21, 115–149.

Clayton R. N. (2002a) Self-shielding in the solar nebula. Nature,
415, 860–861.

Clayton R. N. (2002b) Nitrogen isotopic fractionation by photo-
chemical self-shielding (abstract). Meteoritics & Planet. Sci.,
37, A35.

Clayton R. N., Grossman L., and Mayeda T. K. (1973) A compo-
nent of primitive nuclear composition in carbonaceous mete-
orites. Science, 182, 485–488.

Demyk K., Carrez P., Leroux H., Cordier P., Jones A. P., Borg J.,
Quirico E., Raynal P. I., and d’Hendecourt L. (2001) Struc-
tural and chemical alteration of crystalline olivine under low
energy He+ irradiation. Astron. Astrophys., 368, L38–L41.

Desch S. J., Connolly H. C. Jr., and Srinivasan G. (2004) An inter-
stellar origin for the beryllium 10 in calcium-rich, aluminum-
rich inclusions. Astrophys. J., 602, 528–542.

Dran J. C., Durrieu L., Jouret C., and Maurette M. (1970) Habit
and texture studies of lunar and meteoritic material with the
1 MeV electron microscope. Earth Planet. Sci. Lett., 9, 391–
400.

Dwek E. (1978a) Proton-associated alpha-irradiation in the early
solar system: A possible 41K anomaly. Astrophys. J., 221,
1026–1031.

Dwek E. (1978b) The beryllium and boron abundance in the mete-
orites: A synthesis in interstellar grains. Astrophys. J. Lett.,
225, L149–L152.

Eugster O., Herzog G. F., Marti K., and Caffee M. W. (2006) Irra-
diation records, cosmic-ray exposure ages, and transfer times
of meteorites. In Meteorites and the Early Solar System II
(D. S. Lauretta and H. Y. McSween Jr., eds.), this volume.
Univ. of Arizona, Tucson.

Feigelson E. D. and Montmerle T. (1999) High energy processes
in young stellar objects. Annu. Rev. Astron. Astrophys., 37,
363–408.

Feigelson E. D., Garmire G. P., and Pravdo S. H. (2002) Mag-
netic flaring in the pre-main-sequence Sun and implications for
the early solar system. Astrophys. J., 572, 335–349.

Fitoussi C. and 17 colleagues (2004) AMS measurement of
24Mg(3He,p)26Al cross section: Implications for the 26Al pro-
duction in the early solar system (abstract). In Lunar and Plan-
etary Science XXXV, Abstract #1586. Lunar and Planetary
Institute, Houston (CD-ROM).

Fowler W. A., Greenstein J. L., and Hoyle F. (1962) Nucleosyn-
thesis during the early history of the solar System. Geophys.
J. R. Astron. Soc., 6, 148–220.



Chaussidon and Gounelle: Irradiation Processes in the Early Solar System 337

Glassgold A. E., Feigelson E. D., and Montmerle T. (2000) Ef-
fects of energetic radiation in young stellar objects. In Proto-
stars and Planets IV (V. Mannings et al., eds.), pp. 429–456.
Univ. of Arizona, Tucson.

Goswami J. N. (2003) Solar system initial boron isotopic composi-
tion: Signature of an anomalous cosmogenic component. Me-
teoritics & Planet. Sci., 38, A48.

Goswami J. N. and Vanhala H. A. T. (2000) Extinct radionuclides
and the origin of the solar system. In Protostars and Planets IV
(V. Mannings et al., eds.), pp. 963–994. Univ. of Arizona,
Tucson.

Goswami J. N., Marhas K. K., and Sahijpal S. (2001) Did solar
energetic particles produce the short-lived radionuclides present
in the early solar system? Astrophys. J., 549, 1151–1159.

Gounelle M. and Russell S. S. (2005) On early solar system chro-
nology: Implications of an heterogeneous distribution of ex-
tinct short-lived radionuclides. Geochim. Cosmochim. Acta, 69,
3129–3144.

Gounelle M., Shu F. H., Shang H., Glassgold A. E., Rehm E. K.,
and Lee T. (2001) Extinct radioactivities and protosolar cos-
mic-rays: Self-shielding and light elements. Astrophys. J., 548,
1051–1070.

Gounelle M., Shang H., Glassgold A. E., Shu F. H., Rehm E. K.,
and Lee T. (2003) Early solar system irradiation and berylli-
um-7 synthesis (abstract). In Lunar and Planetary Science
XXXIV, Abstract #1833. Lunar and Planetary Institute, Hous-
ton (CD-ROM).

Gounelle M., Shu F. H., Shang H., Glassgold A. E., Rehm E. K.,
and Lee T. (2004) The origin of short-lived radionuclides and
early solar system irradiation (abstract). In Lunar and Plane-
tary Science XXXV, Abstract #1829. Lunar and Planetary Insti-
tute, Houston (CD-ROM).

Gudel M. (2004) X-ray astronomy of stellar coronae. Rev. Astron.
Astrophys., 12, 71–237.

Hashizume K., Chaussidon M, Marty B., and Kentaro T. (2004)
Protosolar carbon isotopic composition: Implications for the
origin of meteoritics organics. Astrophys. J. Lett., 600, L480–
L484.

Hashizume K. and Chaussidon M. (2005) A non-terrestrial 16O-
rich isotopic composition for the protosolar nebula. Nature,
434, 619–622.

Hashizume K., Chaussidon M., Marty B., and Robert F. (2000)
Solar wind record on the Moon: Deciphering presolar from
planetary nitrogen. Science, 290, 1142–1145.

Heymann D. and Dziczkaniec M. (1976) Early irradiation of mat-
ter in the solar system: Magnesium (proton, neutron) scheme.
Science, 191, 79–81.

Heymann D., Dziczkaniec M., Walker A., Huss G., and Morgan
J. A. (1978) Effects of proton irradiation on a gas phase in
which condensation takes place. I. Negative 26Mg anomalies
and 26Al. Astrophys. J., 225, 1030–1044.

Hohenberg C. M., Nichols R. H. J., Olinger C. T., and Goswami
J. N. (1990) Cosmogenic neon from individual grains of CM
meteorites: Extremely long pre-compaction histories or an
enhanced early particle flux. Geochim. Cosmochim. Acta, 54,
2133–2140.

Hoppe P., Goswami J. N., Krähenbühl U., and Marti K. (2001)
Boron in chondrules. Meteoritics & Planet. Sci., 36, 1321–
1330.

Housen K. R. and Wilkening L. L. (1982) Regoliths in small bod-
ies in the solar system. Annu. Rev. Earth Planet. Sci., 10, 355–
376.

James R. H. and Palmer M. R. (2000) The lithium isotope com-

position of international rock standards. Chem. Geol., 166,
319–326.

Kastner J. H., Franz G., Grosso N., Bally J., McCaughrean M.,
Getman K., Schulz N. S., and Feigelson E. D. (2005) X-ray
emission from young stars with protoplanetary disks and jets
in the Orion Nebula. Astrophys. J. Suppl. Ser., 160, 511–529.

Keller L. P. and McKay D. S. (1997) The nature and origin of rims
on lunar soil grains. Geochim. Cosmochim. Acta, 61, 2331–
2341.

Lauretta D. S. and Lodders K. (1997) The cosmochemical behav-
ior of beryllium and boron. Earth Planet. Sci. Lett., 146, 315–
327.

Lee T. (1978) A local irradiation model for isotopic anomalies in
the solar system. Astrophys. J., 224, 217–226.

Lee T., Papanatassiou D. A., and Wasserburg G. J. (1976) Dem-
onstration of 26Mg excess in Allende and evidence for 26Al.
Geoph. Res. Lett., 3, 109–112.

Lee T., Papanastassiou D. A., and Wasserburg G. J. (1977) Alu-
minium-26 in the early solar system: Fossil or fuel. Astrophys.
J. Lett., 211, L107–L110.

Lee T., Shu F. H., Shang H., Glassgold A. E., and Rhem K. E.
(1998) Protostellar cosmic rays and extinct radioactivities in
meteorites. Astrophys. J., 506, 898–912.

Leya I., Halliday A. N., and Wieler R. (2003) The predictable
collateral consequences of nucleosynthesis by spallation reac-
tions in the early solar system. Astrophys. J., 594, 605–616.

Lin Y., Guan Y., Leshin L. A., Ouyand Z., and Wang D. (2005)
Short-lived chlorine-36 in a Ca-and Al-rich inclusion from the
Ningqiang carbonaceous chondrite. Proc. Natl. Acad. Sci., 102,
1306–1311.

Lugmair G. W. and Shukolyukov A. (1998) Early solar system
timescales according to 53Mn-53Cr systematics. Geochim. Cos-
mochim. Acta, 62, 2863–2886.

Lyons J. R. and Young E. D. (2005) CO self-shielding as the origin
of oxygen isotope anomalies in the early solar nebula. Nature,
435, 317–320.

MacPherson G. J., Davis A. M., and Zinner E. K. (1995) The
distribution of aluminum-26 in the early solar system: A reap-
praisal. Meteoritics, 30, 365–386.

MacPherson G. J., Huss G. R., and Davis A. M. (2003) Extinct
10Be in type A calcium-aluminum-rich inclusions from CV
chondrites. Geochim. Cosmochim. Acta, 67, 3165–3179.

Marhas K. K. and Goswami J. N. (2003) Be-B isotope systemat-
ics in CV and CM hibonites:  Implications for solar energetic
particle production of short-lived nuclides in early solar system
(abstract). In Lunar and Planetary Science XXXIV, Abstract
#1303. Lunar and Planetary Institute, Houston (CD-ROM).

Marhas K. K., Goswami J. N., and Davis A. M. (2002) Short-lived
nuclides in hibonite grains from Murchison: Evidence for solar
system evolution. Science, 298, 2182–2185.

McDonough W. F., Teng F. Z., Tomascak P. B., Ash R. D., Gross-
man J. N., and Rudnick R. L. (2003) Lithium isotopic composi-
tion of chondritic meteorites (abstract). In Lunar and Planetary
Science XXXIV, Abstract #1931. Lunar and Planetary Institute,
Houston (CD-ROM).

McKeegan K. D. and Davis A. M. (2004) Early solar system chro-
nology. In Treatise on Geochemistry, Vol. 1: Meteorites, Com-
ets, and Planets (A. M. Davis, ed.), pp. 431–460. Elsevier,
Oxford.

McKeegan K. D. and Leshin L. A. (2001) Stable isotope varia-
tions in extraterrestrial materials Rev. Mineral., 43, 279–318.

McKeegan K. D., Chaussidon M., and Robert F. (2000) Incorpo-
ration of short-lived 10Be in a calcium-aluminium-rich inclu-



338 Meteorites and the Early Solar System II

sion from the Allende meteorite. Science, 289, 1334–1337.
McKeegan K. D., Chaussidon M., Krot A. N., Robert F., Goswami

J. N., and Hutcheon I. D. (2001) Extinct radionuclide abun-
dances in Ca, Al-rich inclusions from the CV chondrites
Allende and Efremovka: A search for synchronicity (abstract).
In Lunar and Planetary Science XXXII, Abstract #2175. Lunar
and Planetary Institute, Houston (CD-ROM).

Meyer B. S. and Clayton D. D. (2000) Short-lived radioactivities
and the birth of the sun. Space Sci. Rev., 92, 133–152.

Meyer B. S. and Zinner E. (2006) Nucleosynthesis. In Meteor-
ites and the Early Solar System II (D. S. Lauretta and H. Y.
McSween Jr., eds.), this volume. Univ. of Arizona, Tucson.

Michel R., Bodemann R., Busemann H. et al. (1997) Cross sec-
tions for the production of residual nuclides by low and me-
dium energy protons from the target elements C, N, O, Mg,
Al, Si, Ca, Ti, V, Mn, Fe, Co, Ni, Cu, Sr, Y, Zr, Nb. Nucl. Inst.
Phys. Res. Meth. B, 129, 153–193.

Montmerle T. (2002) Irradiation phenomena in young solar-type
stars and the early solar system: X-ray observations and γ-ray
constraints. New Astron. Rev., 46, 573–583.

Montmerle T., Grosso N., Tsuboi Y., and Koyama K. (2000) Rota-
tion and X-ray emission from protostars. Astrophys. J., 532,
1089–1102.

Murty S. V. S., Goswami J. N., and Shukolyukov Y. A. (1997)
Exces 36Ar in the Efremovka meteorite: A strong hint for the
presence of 36Cl in the early solar system. Astrophys. J. Lett.,
475, L65–L68.

Nakamura T., Zolensky M., Sekiya M., Okazaki R., and Nagao
K. (2003) Acid-susceptive material as a host phase of argon-
rich noble gas in the carbonaceous chondrite Ningqiang. Me-
teoritics & Planet. Sci., 38, 243–250.

Okasaki R., Takaoka N., Nagao K., Sekiya M., and Nakamura T.
(2001) Noble-gas-rich chondrules in an enstatite meteorite.
Nature, 412, 795–798.

Papanastassiou D. A., Bogdanovski O., and Wasserburg G. J.
(2002) 53Mn-53Cr systematics in Allende refractory inclusions
(abstract). Meteoritics & Planet. Sci., 36, A114.

Paque J. M., Burnett D. S., and Chaussidon M. (2003) UNSM
3515: An Allende CAI with Li isotopic variations (abstract).
In Lunar and Planetary Science XXXIV, Abstract #1401. Lu-
nar and Planetary Institute, Houston (CD-ROM).

Podosek F. A., Zinner E. K., MacPherson G. J., Lundberg L. L.,
Brannon J. C., and Fahey A. J. (1991) Correlated study of ini-
tial 87Sr/86Sr and Al-Mg systematics and petrologic properties
in a suite of refractory inclusions from the Allende meteorite.
Geochim. Cosmochim. Acta, 55, 1083–1110.

Preibisch T. and Feigelson E. D. (2005) The evolution of X-ray
emission in young stars. Astrophys. J. Suppl. Ser., 160, 390–
400.

Pun A., Keil K., Taylor G. J., and Wieler R. (1998) The Kapoeta
howardite: Implications for the regolith evolution of the how-
ardite-eucrite-diogenite parent body. Meteoritics & Planet. Sci.,
35, 835–851.

Ramaty R., Kozlovsky B., and Lingenfelter R. E. (1996) Light
isotopes, extinct radioisotopes, and gamma-ray lines from low-
energy cosmic-ray interactions. Astrophys. J., 456, 525–540.

Rao M. N., Garrisson D. H., Palma R. L., and Bogard D. D.
(1997) Energetic proton irradiation history of the howardite
parent-body regolith and implications for ancient solar activ-
ity. Meteoritics & Planet. Sci., 32, 531–543.

Read S. M. and Viola V. E. (1984) Excitation function for A>6
fragments formed in 1H and 4He-induced reactions on light nu-
clei. Atomic Data and Nuclear Tables, 31, 359–385.

Reames D. V. (1995) Solar energetic particles: A paradigm shift.
Rev. Geophys. Suppl., 33, 585–589.

Reeves H. (1994) On the origin of the light elements (Z<6). Rev.
Mod. Phys., 66, 193–216.

Reeves H., Fowler W., and Hoyle F. (1970) Galactic cosmic rays
origin of Li, Be and B in stars. Nature, 226, 727–729.

Robert F. (2002) Water and organic matter D/H ratios in the solar
system: A record of an early irradiation of the nebula. Planet.
Space Sci., 50, 1227–1334.

Robert F. and Chaussidon M. (2003) Boron and lithium isotopic
composition in chondrules from the Mokoia meteorite (ab-
stract). In Lunar and Planetary Science XXXIV, Abstract #1344.
Lunar and Planetary Institute, Houston (CD-ROM).

Robert F., Merlivat L., and Javoy M. (1979) Deuterium concentra-
tion in the early solar system: Hydrogen and oxygen isotope
study. Nature, 282, 785–789.

Russell S. S., Gounelle M., and Hutchison R. (2001) Origin of
short-lived radionuclides. Philos. Trans. R. Soc. Lond., A359,
1991–2004.

Russell S. S., Hartmann L., Cuzzi J., Krot A. N., Gounelle M.,
and Weidenschilling S. (2006) Timescales of the solar proto-
planetary disk. In Meteorites and the Early Solar System II
(D. S. Lauretta and H. Y. McSween Jr., eds.), this volume.
Univ. of Arizona, Tucson.

Sahijpal S., Goswami J. N., Davis A. M., Grossman L., and Lewis
R. S. (1998) A stellar origin for the short-lived nuclides in the
early solar system. Nature, 391, 559–561.

Semenov D., Wiebe D., and Henning T. (2004) Reduction of
chemical networks. II. Analysis of the fractional ionisation in
protoplanetary discs. Astron. Astrophys., 417, 93–106.

Sheffer Y., Lambert D. L., and Federman S. R. (2002) Ultraviolet
detection of interstellar 12C17O and the CO isotopomeric ra-
tios towards X Persei. Astrophys. J. Lett., 574, L171–L174.

Shu F. H., Najita J., Ostriker E., Wilkin F., Rude S., and Lizano S.
(1994) Magnetocentrifugally friven flows from young stars and
disks. I: A generalized model. Astrophys. J., 429, 781–796.

Shu F. H., Shang H., and Lee T. (1996) Towards an astrophysical
theory of chondrites. Science, 271, 1545–1552.

Shu F. H., Shang H., Glassgold A. E., and Lee T. (1997) X-rays
and fluctuating X-winds from protostars. Science, 277, 1475–
1479.

Shu F. H., Shang S., Gounelle M., Glassgold A. E., and Lee T.
(2001) The origin of chondrules and refractory inclusions in
chondritic meteorites. Astrophys. J., 548, 1029–1050.

Sisterson J. M. and 10 colleagues (1997) Measurement of proton
production cross sections of 10Be and 26Al from elements found
in lunar rocks. Nucl. Inst. Meth. Phys. Res. B, 123, 324–329.

Srinivasan G. (2002) 10Be-10B and 7Be-7Li isotope systematics in
CAI E65 from Efremovka CV3 chondrite (abstract). Meteor-
itics & Planet. Sci., 37, 135.

Srinisavan G. and Goswami J. N. (1994) 41Ca in the early solar
system. Astrophys. J. Lett., 431, L67–L70.

Sugiura N., Shuzou Y., and Ulyanov A. A. (2001) Beryllium-bo-
ron and aluminum-magnesium chronology of calcium-alumi-
num-rich inclusions in CV chondrites. Meteoritics & Planet.
Sci., 36, 1397–1408.

Thiemens M. and Heidenreich J. E. III (1983) Mass independent
fractionation of oxygen: A novel isotope effect and its possi-
ble cosmochemical implications. Science, 219, 1073–1075.

Torsti J., Kocharov L., Laivola J., Lehtinen N., Kaiser M. L., and
Reiner M. J. (2002) Solar particle event with exceptionally high
3He enhancement in the energy range up to 50 MeV nucleon–1.
Astrophys. J. Lett., 573, L59–L63.



Chaussidon and Gounelle: Irradiation Processes in the Early Solar System 339

Tsujimoto M., Feigelson E. D., Grosso N., Micela G., Tsuboi Y.
Favata F., Shang H., and Kastner J. (2005) Iron fluorescent
line emission from young stellar objects in the Orion Nebula.
Astrophys. J. Suppl. Ser., 160, 503–510.

Vogel N., Baur H., Bischoff A., Leya I., and Wieler R. (2004)
Noble gas studies in CAIs from CV3 chondrites: No evidence
for primordial noble gases. Meteoritics & Planet. Sci., 39, 767–
778.

Wieler R., Baur H., Pedroni A., Signer P., and Pellas P. (1989)
Exposure history of the regolithic chondrite Fayetteville:
I. Solar-gas-rich matrix. Geochim. Cosmochim. Acta, 53, 1441–
1448.

Wieler R., Pedoni A., and Leya I. (2000) Cosmogenic neon in min-
eral separates from Kapoeta: No evidence for an irradiation
of its parent body regolith by an active early sun. Meteoritics
& Planet. Sci., 35, 251–257.

Wolk S., Harnden F. R., Flaccomio E., Micela G., Favata F., Shang
H., and Feigelson E. D. (2005). Stellar activity on the young
suns of Orion: COUP observations of K5-7 pre-main sequence
stars. Astrophys. J. Suppl. Ser., 160, 423–449.

Woolum D. S. and Hohenberg C. M. (1993) Energetic particle
environment in the early solar system: Extremely long pre-
compaction meteoritic ages or an enhanced early particle flux.
In Protostars and Planets III (E. H. Levy and J. I. Lunine,
eds.), pp. 903–919. Univ. of Arizona, Tucson.

Young E. D., Simon J. I., Galy A., Russell S. S., Tonui E., and
Lovera O. (2005) Supra-canonical 26Al/27Al and the residence
time of CAIs in the solar protoplanetary disk. Science, 308,
223–227.

Yurimoto H. and Kuramoto K. (2004) Molecular cloud origin for
the oxygen isotope heterogeneity in the solar system. Science,
305, 1763–1766.

Zhai M., Nakamura E., Shaw D. M., and Nakano T. (1996) Bo-
ron isotope ratios in meteorites and lunar rocks. Geochim. Cos-
mochim. Acta, 60, 4877–4881.

Zolensky M., Nakamura K., Weisberg M. K., Prinz M., Nakamura
T., Ohsumi K., Saitow A., Mukai M., and Gounelle M. (2003)
A primitive dark inclusion with radiation-damaged silicates in
the Ningqiang carbonaceous chondrite. Meteoritics & Planet.
Sci., 38, 305–322.




