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Isotopic records in meteorites provide evidence for the presence of several short-lived nuclides in the early
solar system with half-lives varying from 105 to ~ 8 x 107 years. Most of the nuclides with longer half-life
(> 107 years) are considered to be products of stellar nucleosynthesis taking place over long time scales in
our galaxy. However, for the relatively shorter-lived nuclides, two possibilities exist; they could be
products of energetic particle interactions taking place in a presolar or early solar environment, or, they
could have been produced in a stellar source and injected into the protosolar molecular cloud just prior to
its collapse. The presently available data appear to support the latter case and put a stringent constraint
of less than a million years for the time scale for the collapse of the protosolar molecular cloud to form the
Sun and some of the first solar system solids. This short time scale also suggests the possibility of a
triggered origin for the solar system with the very process of injection of the short-lived nuclides acting as
the trigger for the collapse of the protosolar molecular cloud. Fossil records of the short-lived nuclides in
meteorites also provide very useful chronological information on the early solar system processes like the
time scale for nebular processing, the time scales for differentiation and for metal/silicate fractionation
within planetesimals. The currently available data suggest a time scale of a few million years for nebular
processing and a relatively short time scale of about ten million years within which differentiation,
melting and recrystallization in some of the planetesimals took place.

1. I n t r o d u c t i o n
Isotopic studies of meteorites have provided evidence
for the presence of several short-lived nuclides in the
material from which the solar system objects have
formed. The half-life of these nuclides varies from
~105 years (41Ca) to 8.2 • 107 years (244pu), and they
provide extremely useful information on the time
scales of various processes taking place during the
early evolutionary history of the solar system (Wasserburg 1985; Podosek and Swindle 1988; Podosek
and Nichols 1997). These radionuclides can be
considered as "now-extinct" nuclides for all practical
purposes, and their one time presence in the early
solar system is inferred from the observed excess in
their daughter nuclide concentrations in different
meteorite samples. Such samples must have incorporated the short-lived nuclides "live" at the time of
their formation and in situ decay of these nuclides give

rise to the observed excess. 129I (half-life ,-,16 Ma) is
the first short-lived nuclide whose one time presence
in the early solar system was inferred from the
observed excess of 129Xe in the meteorite Richardton
(Reynolds 1960; Jeffreys and Reynolds 1961). This
was followed by the discovery of fission Xe from 244pu
(half-life ,-,82 Ma; Rowe and Kuroda 1965). A major
breakthrough in the field took place with the
discovery of excess 26Mg from the decay of 26A1
having a half-life of less than a million year (7 x 105
years) in Ca-Al-rich refractory Inclusions (CAIs) of
the Allende meteorite i(Lee et al 1976, 1977). The
CAIs are considered tb be some of the first solar
system solids to have formed in the solar nebula, the
gas and dust cloud surrounding the nascent Sun (e.g.,
see, Grossman 1980). Since then, the presence of a
large number of short-lived nuclides in the early solar
system has been established and these are listed in
table 1. In a few cases, experimental data only provide
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Table 1. Short-lived nuclides in the early solar system.
Nuclide

Half-life
(Ma)

Daughter
nuclide

41Ca
26A1
6~

0.1
0.7
1.5

41K
26Mg
6~

53Mn

3.7

5aCr

l~

6.5

1~

182Hf
129I
~Pu
99Tc#
3~C1#
2~
92Nb#

9
16.7
82
0.21
0.3
15
35

182W

t29Xe
c~, SF +
99Ru
36Ar
2~
92Zr

Initial abundance
~ 1.5 x 10-s (41Ca/a~
~ 5 x 10-S (26AlphA1)
,~ 4 • 10-9 (6~
~,, 2 x 10-a*
~ 4.4 x 10-5 (53Mn/ahMn)
4.7 x 10-s, ~ 10-5*
~ 2 x 10-5 (mTpd/l~
,-~ 4.5 x 10-5*
~ 2 • 10-4 (lS2Hf/lS~
~ 10-4 (1291/127I)
~ 7 • 10-3 (24aPu/2asU)
~-, 10 -4 (99Tc/99Ru)

~ 1.4 x 10-6 (36C1/35C1)
~-, 3 x 10-4 (2~176
,-, 2 x 10-5 (92Nb/gaNb)

Ref.

Stellar production
site 1

[1]
[2]
[3]
[4]
[5]
[4]
[6]

SN,AGB,WR
SN,N,AGB,WR
SN,AGB

[7]
[8]
[9]
[10]
[11]
[12]
[13]

SN
SN,AGB,WR
SN
SN
SN
AGB,WR
SN,AGB,WR
AGB,WR
SN

1 : SN = supernova; N = nova; AGB = Asymptotic Giant Branch star;WR = Wolf-Rayet star
* : extrapolated value at the time of formation of CAI
+ : SF = spontaneous fission products
# : suggestive evidence is present; needs confirmation
[1] Srinivasan et al (1994, 1996); [2] Lee et al (1977); see also MacPherson et al (1995) [3] Shukolyukov and Lugmair (1993a, b) and
Lugmair et al (1995); [4] Lugmair et al (1995) and Lugmair and Shukolyukov (1988); [5] Birck and Aliegre (1985); [6] Kelly and
Wasserburg (1978), see also Chen and Wasserburg (1996); [7] Lee and Halliday (1995, 1996) and Harper and Jacobsen (1996); [8]
Jeffreys and Reynolds (1961), see also Hohenberg et al, this volume; [9] Rowe and Kuroda (1965) and Hudson et al (1988); [10] Yin
et al (1992); [11] Murty et al (1997); [12] Chen and Wasserburg (1987); [13] Harper (1996).
weak to strong hints for their presence, and these need
to be confirmed by more refined experiments.
All the short-lived nuclides present in the early solar
system could be products of stellar nucleosynthesis
taking place in different stellar sites (table 1). In fact,
the relatively longer-lived and high-mass nuclides
(182Hf, 129I and 244pu) are distinct products of rapid
neutron capture (r-process) nucleosynthesis taking
place during supernova explosions. However, in the
case of the shorter-lived nuclides like 41Ca, 26A1, 6~
53Mn, and l~
two possible sources have been
suggested. T h e y could be freshly synthesized nuclides
from a single stellar source (e.g. a supernova, an
asymptotic giant branch (AGB) star, a Wolf-Rayet
(W-R) star) t h a t were injected into the protosolar
cloud just prior to its collapse. Alternatively, they
could be products of energetic particle interactions
taking place either in the protosolar molecular cloud
(prior to its collapse) or later in the solar nebula
following the formation of the Sun. Identification of
the most plausible source of the short-lived nuclides is
important if we wish to use them as time markers of
the early solar system processes. For example, if t h e y
are of stellar origin, their initial presence in meteorites
provides a constraint on the time scale for the collapse
of the protosolar molecular cloud; the nuclide with the
shortest half-life providing the most stringent constraint. On the other hand, if these nuclides are
produced by energetic particles from an active early

Sun interacting with gas and dust in the solar nebula,
t h e y can serve as time markers only for early solar
system processes a n d not for presolar processes.
Further, if the short-lived nuclides were indeed freshly
synthesized products from a specific stellar source, the
possibility exists t h a t the very process of their injection could have also triggered the collapse of protosolar molecular cloud leading to the formation of the
solar system. In this paper we shall briefly outline the
developments taking place in this field of research and
discuss some new results t h a t allow us to identify the
most plausible source(s) of the short-lived nuclides,
particularly those with half-life < 10 Ma, and the constraints they impose on the time scales for the formation of the Sun and some of the first solar system
objects. Earlier developments in this field have been
reviewed by Wasserburg (1985), Podosek and Swindle
(1988), Cameron (1993) and Podosek and Nichols

(1997).
2. M e t e o r i t i c e v i d e n c e for t h e p r e s e n c e o f
s h o r t - l i v e d n u c l i d e s in t h e e a r l y s o l a r s y s t e m
The case for the presence of a short-lived nuclide in
the early solar system is based on the presence of
excess abundance of its daughter nuclide in samples of
meteorites. The case for its presence is strengthened if
one can show t h a t the excess in the daughter nuclide
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these meteorites was inferred to be 2 • 10 -5. 53Mn
(half life -- 3.7 Ma) was the next short-lived nuclide
I NCLU $1ONWA
whose presence in Allende CAIs was inferred from the
presence of excess 53Cr and an initial 53Mn/55Mn ratio
o.tso- (~A~~J)~- (5.1• o.s)x 1,~
~
of 4.4 • 10 -5 (at the time of CAI formation) was
estimated from the data (Birck and All~gre 1985).
However, recent studies of Mn-Cr isotopic systematics
"
in differentiated meteorites and chondrules (Lugmair
and Shukolyukov 1998; Nyquist et al 1997) suggest
0.145that the inferred initial could be an over-estimate by
almost a factor of five. This aspect will be discussed at
length in a later section. It is important to note here
that the presence of all the short-lived nuclides (see,
table 1) in the early solar system cannot be establi0.140. ~ . ~
shed from a study of the same suite of samples (e.g.,
I
I
I
I
I
0
100
200
300 the CAIs or the differentiated meteorites). The
problem is related to both the time scales of processes
and the chemistry of the samples. The shorter-lived
Figure 1. Magnesiumisotopic ratio, 26Mg/24Mg, measured in nuclides like 41Ca and 26A1, belonging to the refracdifferent refractory mineral phases in the Allende Ca-Al-rich tory group of elements, will be primarily incorporated
refractory inclusion WA, plotted as a function of their 27A1/
24Mg ratios. The dotted line represents the reference (normal) into the early forming refractory solids like the Ca-A126Mg/24Mg ratio of 0.13932. The linear correlation of excess rich Inclusions (CAIs). However, incorporation of the
~Mg/24Mg with 27A1F4Mg ratio indicates that the excess in longer-lived nuclides of elements like Fe, Mn and Pd
26Mg is related to A1 and resulted from in situ decay of 26A1 will be inhibited by the refractory nature of the CAIs,
initially present in these refractory phases at the time of their and even if present, the abundance of these nuclides in
formation in the early solar system [from Lee et al 1977].
CAIs will be extremely low, making detection of the
decay products of the radioactive species of these
abundance (e.g. 26Mg in the case of 26A1 or 41K in the elements very difficult. On the other hand, both 41Ca
case of 41Ca) is also correlated with the abundance of and 26A1 will decay significan/ly by the time of formathe parent element (e.g. aluminum or calcium in these tion of non-refractory silicates and metals present in
cases). Such a correlation is clearly evident in figure 1, ordinary chondrites and differentiated meteorites, and
where we show the data for Mg-A1 isotopic composi- these meteorites will primarily host the relatively
tions measured in different refractory phases of an longer-lived nuclides. In table 1, we have included
Allende CAI (WA) by Lee et al (1977). The 26Mg/ extrapolated values for the initial abundances of some
2aMg ratios in the phases with high A1/Mg ratio are of the longer-lived nuclides at the time of CAI formadistinctly above the normal value of 0.13932 and the tion along with the actual value obtained from studies
excess clearly correlates with the measured 27A1/24Mg of samples of differentiated meteorites.
There has been a spurt of activity in this field in the
ratios in the phases. In fact this correlation can be
nineties
and evidence has been obtained to establish
expressed by a linear relationship as follows:
the presence of three new short-lived nuclides (6~
41Ca, lS2Hf) in the early solar system. Weak to strong
hints have also been found for the possible presence of
MgJm = [24MgJ i+ L2aMgJi
three additional radionuclides (99Tc, 92Nb, 36C1). The
presence of the short-lived nuclide 6~
(half-life
= L -@- Mgj + L - A1j • L24MgJ m
- - 1 . 5 M a ) in the early solar system has been
the subscripts " m " and "i" stand for "measured" and established from the observed excess in its decay
"initial", respectively. The intercept of the correlation product, 6~ in bulk samples of several differentiated
line gives the value of initial 26Mg/24Mg, and the slope, meteorites (Shukolyukov and Lugmair 1993a,b). The
the value for initial 26A1/2:A1, at the time of formation excess in 6~ also correlates with the abundance of
of the analyzed object. As can be seen from figure 1, 56Fe in the samples. However, the correlation appears
the initial value of 26A1/2:A1 at the time of formation to be disturbed when one considers data for mineral
separates. This was attributed to possible elemental
of the Allende CAI WA was inferred to be 5 x 10 -5.
fractionation taking place during or following the
The discovery of 26A1 was followed by that of l~
(half-life = 6.5 Ma; Kelly and Wasserburg 1978; see decay of S~ within these objects, which makes it
also Chen and Wasserburg 1996) in iron meteorites. An difficult to infer an accurate value for the initial ~~
excess of l~
that correlates with the abundance of 56Fe from this data set. However, later studies of MnPd was found for several iron meteorites and the best Cr isotopic systematics in the same set of meteorites
initial value for l~176
at the time of formation of showed them to be coeval and a value of ~ 4 x 10 -9
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Figure 2. Potassium isotopic ratio, 41K/39K, measured in
refractory oxides (hibonite = Hib; perovskite = Pev) and
silicate (pyroxene [fassaite] = Pyx) phases in several Ca-Al-rich
refractory inclusions (E40, E44, E50, E65) from the Efremovka
meteorite, plotted as a function of their 4~
ratios. The
dotted line represents the reference (normal) 4]K/39K ratio of
0.072; data for terrestrial fassalte and perovskite fall along this
line [from Srinivasan et al 1996].
has been inferred for the initial abundance of 6~
56Fe at the time of formation of these differentiated
meteorites belonging to the eucrite group (Lugmair
et al 1995).
Search for the presence of the short-lived nuclide
41Ca (half-life ~105 years) in meteorite samples was
carried out both at Caltech, USA, and at Max Planck
Institute fur Chemic, Mainz, Germany, during the
eighties. While the results obtained at Mainz were
negative, Hutcheon et al (1984) from Caltech suggested
that the data obtained by them from the study of
Allende CAIs provide a possible hint for the presence of
this nuclide in the early solar system. The first
conclusive proof for the presence of this nuclide in the
early solar system was provided by the results obtained
at the Physical Research Laboratory, Ahmedabad,
India, from a study of several CAIs from the primitive
carbonaceous meteorite, Efremovka (Srinivasan et al
1994). The CAIs found in the Efremovka meteorite are
considered to be more pristine and much well
preserved than the CAIs in the Allende meteorite,
based on petrographic and trace element data
(Nazarov et al 1982, 1984). Mg-A1 isotopic studies of
these objects carried out by us (Goswami et al 1994)
confirmed this suggestion and led to the choice of the
Efremovka CAIs to look for possible excess of 41K due
to decay of 41Ca. The data shown in figure 2 clearly
demonstrate that the measured values of 41K/39K in
many of the analyzed samples are higher than the
normal value of 0.072. Further, this excess also correlates well with the measured 4~
ratio in the
analyzed phases indicating that the excess 41K is due
to in situ decay of 41Ca that got incorporated at the

time of formation of the Efremovka CAIs. Later
studies provided additional evidence for the presence
of 41Ca in other Efremovka CAIs as well as in refractory hibonite (Ca-Al-oxide) grains from the carbonaceous chondrite Murchison and from one Allende CAI
(Srinivasan et al 1996; Sahijpal et al 1998). The best
value for the initial 41Ca/4~
at the time of formation of the CAIs, is estimated to be ~ 1.5 • 10 -s. 41Ca
is the shortest-lived nuclide among the now-extinct
nuclides whose initial presence in the early solar
system have been established from meteorite studies
(table 1). As discussed later, the presence of 41Ca in
early solar system objects imposes very important
constraint on the formation time scale of these objects.
lS2Hf is the most recent entry into the list of the
short-lived nuclides that were present in the early solar
system, lS2Hf (half-life -- 9 Ma) decays to lS2w; while
Hf has an affinity for silicates, W prefers to go with
metals. This makes the Hf-W isotopic system most
ideal to infer time scales of silicate/metal fractionation
taking place during differentiation in meteorite parent
bodies (planetesimals) and in the Moon and planets
like the Earth and Mars. The presence of lS2Hf in the
early solar system has been inferred from the lower
value of the measured lS2w/lS4W ratio in iron meteorites (by about 4s units; s = parts per ten thousands),
compared to the measured ratios in samples of carbonaceous chondrites (Lee and Halliday 1995, 1996;
Harper and Jacobsen 1996). This deficit is interpreted
as due to fractionation and segregation of metal (W)
during differentiation taking place in the parent bodies
of iron meteorites prior to significant decay of lS2Hf.
Although a correlation of excess lS2w with the abundance of the parent element (Hf) is yet to be established, the indirect evidences are robust enough to
conclude that lS2Hf was indeed present in the early
solar system. The initial lS2Hf/]S~ inferred from the
available data is ~ 2 • 10 -4.

3. Sources o f t h e s h o r t - l i v e d n u c l i d e s
All the short-lived nuclides present in the early solar
system are generally considered to be of stellar origin
(table 1). However, there have been suggestions that
some of them, particularly the ones with shorter halflife, could be produced by energetic particle interactions with gas and dust in the protosolar molecular
cloud or later in the solar nebula. In fact there has also
been a suggestion that these nuclides could have had a
"fossil" origin and were transported to the solar
nebula by circumstellar dust that incorporated these
nuclides at the time of their formation in stellar/
supernova envelopes (Clayton 1982). In this scenario,
one cannot consider these nuclides as time markers of
early solar system processes. However, the isotopic
systematics and other characteristics observed in the
analyzed CAIs are not consistent with this scenario; a
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detailed discussion of this aspect can be found in
Podosek and Swindle (1988) and MacPherson et al
(1995). We believe that the meteorite data argue
strongly for the "live" presence of the short-lived
nuclides in the early solar system and shall try to
pinpoint the most plausible source(s) of these nuclides.
3.1 Production of short-lived nuclides by energetic
particles
The possibility of production of the short-lived nuclide
26A1 by energetic particles from an active early Sun
interacting with gas and dust in the solar nebula was
proposed soon after the discovery of 26A1 (Heymann
and Dziczkaniec 1976). However, the flux of solar
energetic particles (SEP) needed to match the initial
~6A1/27A1 ratio (5 • 10 -5) turned out to be extremely
high (more than 105 times the contemporary flux),
and ad-hoc features in the energy spectrum of the SEP
had to be invoked to avoid co-production of other
isotopic anomalies. Several different scenarios for SEP
irradiation of nebular gas and dust were proposed
subsequently to match the initial abundance of 26A1 in
the early solar system (Clayton et al 1977; Lee 1978;
Heymann et al 1978). The inadequacy of these models
was immediately evident following the discovery of
the short-lived nuclide 53Mn, when it was shown that
the same set of model parameters for SEP cannot
produce appropriate amounts of 26A1 and 53Mn to
match the meteorite data (Wasserburg and Arnould
1987). We have now completed an in-depth study of
this problem by considering SEP production of the
four short-lived nuclides 26A1, 36C1, 41Ca and 53Mn.
We have ignored shelf-shielding of SEP particles by
nebular gas and dust to maximize production. Micronto millimeter-sized grains of solar composition, and
following a power-law size-distribution, are considered

lo,
107

as targets. The results obtained by us (see figure 3)
clearly demonstrate that no combination of flux
enhancement factor and irradiation duration can lead
to co-production of 26A1 with any of the other three
nuclides in appropriate amounts to match the
meteorite data; production of 26A1 in the required
amount leads to overproduction of all the other three
nuclides by almost an order of magnitude. It may
however be noted that the nuclides, 41Ca, 36C1 and
53Mn, may be co-produced at the required level if we
consider an irradiation duration of about one million
years and a flux enhancement factor of ~104, compared to the contemporary long-term averaged SEP
flux [N(E>10 MeV) = 100 protons am -2 s -1] deduced
from lunar sample studies. Further, if the lower initial
abundance of 53Mn proposed b y Lugmair and
Shukolyukov (1998) is indeed correct, production of
53Mn is feasible even with a lower flux enhancement
factor that will not lead to any significant production
of 41Ca and 26A1. We finally note that SEP irradiation
cannot produce the short-lived nuclide ~~ that has a
half-life intermediate between those of 26A1 and 53Mn.
A completely different model for the energetic
particle production of the short-lived nuclides in the
protosolar molecular cloud fragment itself has been
proposed a few years back (Clayton 1994). This
proposal is based on the observation of enhanced flux
of gamma rays from a star forming region in the Orion
molecular cloud that suggests the presence of an
enhanced flux of low energy heavy ions in this molecular cloud complex (Bloemen et al 1994). The protosolar molecular cloud fragment must have been a part
of such a molecular cloud complex, prior to its collapse
to form the solar system. Thus, the gas and dust in the
protosolar cloud could have been irradiated by energetic particles present in such a cloud complex. Although
the proposal looks attractive, detailed calculations
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Figure 3. Enhancement factor in solar energetic particle (SEP) flux, relative to its long-term averaged value of N(>10MeV)
----100 protons cm2 s-1 , required to explain the initial abundances of several short-lived nuclides in the early solar system, plotted
as a function of SEP irradiation duration. Two values for initial abundance of 53Mn are used (see table 1 and text). Results are
presented for SEP flux representation both in kinetic energy [dN/dE=KE -~] and rigidity [dN/dR= c exp(-R/Ro) ].
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(Clayton and Jin 1995a; Ramaty et al 1996), that
considered various compositions for the irradiating
particles as well as for the irradiated components,
showed that it has the same drawback as in the SEP
irradiation models; matching of the meteorite data for
initial abundance of 26A1 leads to overproduction of
both 41Ca and 53Mn. A self-consistent solution that
can account for the meteorite data for the short-lived
nuclides, 41Ca, 26A1, and 53Mn, could not be obtained
in both the energetic particle irradiation models.
Several variants of the SEP irradiation model have
also been proposed in recent years. These include production by anomalous cosmic rays in the early solar
system (Clayton and Jin 1995b) and the fluctuating
X-wind model that proposes both formation and
irradiation of CAIs very close to the proto-Sun (Shu et
al 1997; Lee et al 1998). As in the earlier models for
SEP irradiation, these models also fail to co-produce
the short-lived nuclides in amounts that will match
the meteorite observations. This shortcoming of all
the irradiation models has more to do with the
relevant nuclear reaction cross sections and abundance
of the target elements rather than the irradiation
scenarios proposed. Since the target composition is
well defined (close to "solar" composition in all the
scenarios) and the reaction cross-sections are well
known, the relative productions of the different shortlived nuclides cannot be changed much by varying the
fluxes and energy spectra of the interacting particles.
Further, all the irradiation models fail to produce the
short-lived nuclide 6~ (see however, Lee et al 1998).
We shall now consider the case for a stellar origin for
these short-lived nuclides.
3.2 A stellar origin for the short-lived nuclides
Injection of freshly synthesized material from one or
more stellar source(s) into the protosolar molecular
cloud fragment has remained the favourite hypothesis
to explain the presence of the short-lived nuclides in
the early solar system. We have noted earlier that the
three relatively longer-lived, high-mass radionuclides,
182Hf, 129I and 244pu, are exclusively produced via
rapid neutron capture (r-process) nucleosynthesis
during supernova events. The initial abundances of
these nuclides in the early solar system are determined
by the contribution from continuous galactic nucleosynthesis and may be inferred from the known supernova rate in our galaxy and the yields of these nuclei
during supernova events (e.g., see Wasserburg et al
1996). The possibility that continuous galactic nucleosynthesis could perhaps also contribute some fraction
towards the inventory of the other short-lived nuclides
like l~
53Mn and 6~ present in the early solar
system cannot be ruled out (Wasserburg et al 1996).
Nonetheless, the emphasis in this field of research at
present is to identify a single stellar source that can
hopefully account for all the short-lived nuclides with

mean life <10 Ma that were present in the early solar
system.
Three specific stellar objects have been proposed as
possible source for the short-lived nuclides 41Ca, 36C1,
26A1, 6~ 53Mn and l~
present in the early solar
system (table 1). These are:
9 A thermally pulsing asymptotic giant branch (TPAGB) star,
9 a type-II supernova (SN), and
9 a non-exploding Wolf-Rayet (W-R) star.
One can check the viability of any one of these
stellar objects being the source of the short-lived
nuclides in the early solar system by adopting the
following approach: 9 calculate the yield of each radionuclide and its stable counterpart (e.g., 26A1 and 27A1
or 41Ca and 4~
during nucleosynthesis taking place
in the stellar source, 9 choose two parameters, the
"free-decay time interval", defining the time elapsed
between the synthesis of these nuclides in the stellar
source and their final incorporation into the analyzed
early solar system solids, and the "dilution factor",
i.e., the dilution of the freshly synthesized stellar
material with preexisting material in the protosolar
molecular cloud and in the intervening medium
between the stellar source and the protosolar molecular cloud that are devoid of the short-lived species,
and 9 look for a self-consistent set of parameters that
will yield initial abundances of the nuclides consistent
with the meteorite observations (table 1).
The possibility that a TP-AGB star could be the
source of the short-lived nuclides present in the early
solar system has been discussed at length by Cameron
(1993). Yields of the short-lived nuclides, 41Ca, 36C1,
26A1, 6~ and l~
during the TP-AGB stage for a
three solar mass star have been evaluated by
Wasserburg et al (1994, 1995) and Gallino et al
(1996). Their results suggest that a self-consistent
solution is possible if one considers a free-decay time
interval of ~ 6 x 105 years and a dilution factor of
104 . These calculations also predict the presence of
the radionuclides, 2~
(half-life = 15 Ma) and 135Cs
(half-life = 2.3Ma) in the early solar system; the
presently available upper limit estimate for the initial
abundance of 2~
in meteorites (Chen and Wasserburg 1987) is not inconsistent with these predictions.
A major problem with the TP-AGB star as a source is
its inability to synthesize 53Mn. Further, there are
some uncertainties in estimating the neutron source
function responsible for producing the nuclides 41Ca,
36C1, 6~ and l~
The chance association of a TPAGB star with a molecular cloud complex also appears
to be small (Kastner and Myers 1994); however, over
the life-time of a molecular cloud complex the possibility of such an association could be quite significant.
Cameron et al (1995) have examined the case of a
massive (>25 solar mass) supernova as a source of the
short-lived nuclides in the early solar system by
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considering the yields of these nuclides during supernova events (Woosley and Weaver 1995). In principle,
a supernova could be a source for several short-lived
nuclides (alCa, 36C1, 26A1, 6~ and 53Mn) present in
the early solar system. However, 26A1 is underproduced and a self-consistent dilution factor for all
the nuclides cannot be achieved; the distance of the
supernova from the protosolar cloud is estimated to be
~ 4 - 1 0 parsec in this model. To overcome the problem
of underproduction of 26A1, Cameron et al (1995)
suggested that the supernova could be associated with
a very massive star (>60 solar masses) which has
already gone through the WolfoRayet stage. In such a
case, 26A1, produced and ejected during the W - R stage
is subsequently picked up by the fast moving supernova ejecta. Unfortunately, the dynamics of supernova explosion and mixing of supernova ejecta with
surrounding medium are not well understood at
present. It is also difficult to ascertain accurately the
production of l~
during a massive SN event.
The possibility that a Wolf-Rayet star could be the
source for the short-lived nuclides in the early solar
system was initially proposed by Dearborn and Blake
(1985, 1988). More recently Arnould et al (1997a,b)
have considered the case for a non-exploding W - R star
(>60 solar mass) as a source of these nuclides. They
could obtain a self-consistent solution for only a
couple of nuclides (41Ca and 36C1) with a dilution
factor of a few thousands and a very short free-decay
time interval of 2 • 105 years. 26A1 is underproduced,
6~ is extremely underproduced and like in the case
of a TP-AGB star, a W - R star cannot produce 53Mn.
An interesting feature of this model is the prediction
of an initial abundance of 2~
in the early solar
system, which is even higher than the presently inferred upper limit estimate from meteorite data. As in
the case of the other stellar sources, the dynamics of
interaction of W - R ejecta with its surrounding
environment is not well understood.
Even though there are problems associated with all
the three stellar objects considered above, they appear
to be a better choice than energetic particle production
as the source of the short-lived nuclides present in the
early solar system. As already noted, co-production of
41Ca, 26A1 and 53Mn, in the required amounts to match
the meteorite data is not possible in the latter case and
productions of 6~
and l~
are negligible. The
possibility that a stellar object could be the source of
the short-lived nuclides is also supported by the recent
observations made by us (Sahijpal et al 1998) that
suggest a strong correlation in the presence of the two
short-lived nuclides, 41Ca and 26A1, in early solar
system objects. This can be seen in figure 4, where we
plot the inferred initial abundances of 26A1/27A1 and
41Ca/4~ for samples from three different meteorites.
The close correlation in the presence/near-absence of
26A1 and 41Ca is clearly evident. When present, the
initial abundances of 26AI/27Al and 41Ca/4~
are
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Figure 4. A plot of initial abundances of 26A1/27A1and 41Ca/
4~ in a set of refractory oxide phase (hibonite: CaAl12-2x
MgxTixO19) from three carbonaceous meteorites, Murchison,
Allende and Efremovka. The number of analyses performed to
obtain the initial abundance in each case is given within
parenthesis. Data taken from Sahijpal et al (1998).

close to their canonical values of 5 • 10 -5 and
1.5x10 -s, respectively. This observation indicates
that these two nuclides were derived from a single
source and followed the same pathways in the solar
nebula before getting incorporated in the analyzed
early solar system solids. Since co-production of these
two nuclides in the required amount is not possible in
any of the irradiation models, our data strongly suggest a stellar source for these nuclides.
The choice of the most plausible stellar source is
made difficult as none of them could account for the
whole suite of short-lived nuclides with mean life
<10Ma. TP-AGB star is an interesting possibility
only if 53Mn can be accounted by energetic particle
production or contribution from continuous galactic
nucleosynthesis. It should be noted that our data on
correlation between the presence of 26A1 and 41Ca do
not rule out their possible production by energetic
particle interactions; however, if it were there, this
contribution has to be much smaller compared to that
coming from a stellar source. In this context, an
accurate knowledge of the initial abundance of 53Mn
in the early solar system has become very important.
As noted earlier if the revised initial abundance of
~10 -5 for 53Mn/55Mn, proposed recently by Lugmair
and Shukolyukov (1998), is indeed correct, the possibility that 53Mn was produced by energetic particle
interactions without concurrently producing much of
41Ca and 26A1 cannot be ruled out. However, if we can
rule out both energetic particle production as well as
contribution from galactic nucleosynthesis as possible
sources of 53Mn, a supernova remains the most viable
source for the short-lived nuclides present in the early
solar system. While the case for a Wolf-Rayet star as a
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source is not very promising, a precise determination
of the initial abundance of 2~
in the early solar
system can clinch the choice between a TP-AGB and
a W-R star.

4. S h o r t - l i v e d n u c l i d e s a n d t i m e s c a l e s for

early solar s y s t e m processes
4.1 Time scale for the formation of the Sun
A stellar origin for the short-lived nuclides puts a very
strong constraint on the time scale for the collapse of
the protosolar molecular cloud that led to the formation of the Sun and some of the first solar system
solids. Obviously, the most stringent constraint comes
from 41Ca, the nuclide with the shortest half-life (105
years), whose presence in early solar system solids
suggests that this time scale is less than a million
years. As already noted, a self-consistent solution that
can explain the meteorite data for several of the shortlived nuclides requires this time interval to be
,-~ 6 • 105 years with a TP-AGB star as a source and
an even lower value of ,~ 2 • 105 years with a W-R star
as a source. The short collapse time scale would imply
a very dense protosolar molecular cloud with number
density of hydrogen molecule, n(H2), >104 cm -3. This
short time scale also suggests the possibility for a
triggered collapse of the protosolar molecular cloud
with the stellar source responsible for production and
injection of the short-lived nuclides itself acting as the
trigger. In fact recent numerical simulation studies of
this problem have shown that the dynamics of such a
collapse appears to be highly probable within the time
scale constraints placed by the data for the short-lived
nuclides (Boss 1995; Foster and Boss 1997; Vanhala
and Cameron 1998; Vanhala 1998).
4.2 Formation of early solar system solids and time
scale for nebular processing
Meteoritic material is composed of several distinctly
different types of objects that were perhaps formed at
different epochs during the early evolutionary history
of the solar system. The Ca-Al-rich refractory objects
(CAIs), representing some of the first formed solids in
the solar system, are found primarily in primitive
carbonaceous chondrites. As already noted the initial
presence of the short-lived nuclide 41Ca in CAIs
indicate that 41Ca was still extant in the solar nebula
at the time of CAI formation, and they must
have formed within a million years of protosolar cloud
collapse.
Another more ubiquitous object found in all chondritic meteorites is chondrule, the tens of micron to
few millimeter sized spheroids that represent quickly
crystallizing molten silicate droplets. The chondrules
are generally considered to have formed in the solar

nebula during some high temperature processes (e.g.,
see, Grossman 1988). Even after a prolonged search,
the initial presence of the short-lived nuclide 26A1 was
found only in a small set of chondrules from a specific
class of meteorites, the unequilibrated ordinary chondrites (Russel et al 1996, 1997; Kita et al 1998).
Further, the measured initial abundance of 26A1/27A1
in the chondrules are lower than the value of 5 x 10 -5
measured in CAIs, and ranges between <10 -6 and
2 x 10 -5. If we attribute this difference in the initial
abundance of 26A1 to late formation of chondrules, it
will imply that the chondrule formation started within
a million years after the formation of the CAIs and
continued for at least five million years when the
chondrules devoid of 26A1 were formed. However, this
chronological interpretation is based on the assumption that the initial abundance of 26A1//27A1 was the
same at both the CAI and chondrule forming zone(s)
in the solar nebula. It is difficult to uniquely prove this
assumption, particularly in view of the fact that many
of the CAIs also have lower than normal initial
abundance of 26A1FTA1 or are devoid of 26A1. However,
the differences seen among the CAIs are generally
attributed to secondary processes affecting these
objects and the data are not inconsistent with the
assumption of a uniform initial 26A1/27A1 ratio in the
CAI-forming zone (e.g., see MacPherson et al 1995).
A very detailed study of Mn-Cr isotopic systematics in
a set of meteorites belonging to the eucrite group has
also shown that the initial 53Mn//D5Mn ratio in the
eucrite forming zone was rather uniform (Lugmair
and Shukolyukov 1998). In the discussion that follows,
we shall assume a uniform distribution of the shortlived nuclides in the meteorite-forming zone of the
solar nebula. If the chondrules are indeed nebular
products, the lower abundance as well as the absence
of 26A1 in them would suggest a time scale of several
million years during which nebular processing must
have been active in the early solar system (Russel et al
1996). This time scale, however, contradicts the time
scale of less than a million years for the formation of
larger (km-sized) objects, inferred from analytical
studies of evolution of small objects in the solar nebula
(e.g., see Wiedenschilling 1988), and an even shorter
time scale of <105 years within which the millimetersized CAIs are expected to spiral in towards the Sun
(Wiedenschilling 1977). Thus, one would require a
very special mechanism to store the CAIs until chondrule formation is complete so that both of them could
be incorporated together in the carbonaceous chondrites. The only other possibility is secondary processes affecting the chondrules leading to exchange//
redistribution of Mg isotopes that resulted in the
lower initial 26A1//27A1 values. However, the very lowgrade metamorphism suffered by the unequilibrated
ordinary chondrites makes this proposition rather
unlikely. A solution to this problem is an important
challenge in the field of planetary sciences.
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4.3 Time scale for the formation and differentiation of
planetesimals
The meteorites belonging to achondrite, stony-iron
and iron groups are derived from planetesimals
(meteorite parent bodies) that have undergone extensive melting and differentiation. Initial presence of
l~
(half-life = 6.5 Ma) has been established in the
iron and stony-iron groups of meteorites (Kelly and
Wasserburg 1978; see also Chen and Wasserburg
1996). In addition, the basaltic achondrites belonging
to the eucrite sub-group contain evidence for the
presence of the two short-lived nuclides, 6~ and
53Mn, having half-lives of 1.5 Ma and 3.7Ma, respectively (Shukolyukov and Lugmair 1993a,b; Lugmair
et al 1995; Lugmair and Shukolyukov 1998). If we
compare the value of initial 53Mn/55Mn ratio of
4.4 • 10 -5 for the CAIs (Birck and All~gre 1985)
with the value of ~ 5 • 10 -6 reported for the eucrites
(Lugmair and Shukolyukov 1998), it will imply a time
interval of ~12 Ma between the formation of the CAIs
and the eucrites, that are believed to be a product of
widespread melting and differentiation taking place
on large (hundreds of kin-sized) planetesimals. However, absolute U-Pb ages of CAIs and basaltic
achondrites belonging to the angrite group (Manh~s
et al 1988; Lugmalr and Galer 1992; GSpel et al 1994)
suggest a shorter time interval between their formation, even though the initial 53Mn/55Mn in angrite is
much lower (~10 -6) than that measured in the
eucrites indicating that formation of eucrites preceded
that of angrites. It has been suggested by Lugmair and
Shukolyukov (1998) that the initial abundance of
53Mn determined in CAI may be affected by intrinsic
isotopic anomalies in chromium present in the
carbonaceous chondrites (note that 53Mn decays to
5~Cr and presence of 5~Mn is inferred from measurement of the abundances of Cr isotopes). Based on data
for both 6~ and 53Mn in eucrites along with the data
for absolute age of CAIs and differentiated meteorites,
Lugmair and Shukolyukov (1998) suggest a time scale
of ~6 Ma for the time interval between the formation
of CAIs and the eucrites. This time scale is in close
agreement with the very recent report of the possible
presence of 26A1 in the Piplia-Kalan eucrite with an
initial 26A1/27A1 value of ~ 7 x 10 -7 (Srinivasan et al
1998), suggesting a time difference of ~5 Ma between
the formation of the CAIs and the eucrites.
The iron meteorites are supposed to l~e representative of Fe-Ni cores of large planetesimals and thus the
presence of the short-lived nuclide l~
in them
allows us to constrain the time scale for core formation
in such planetesimals. Similarly, the presence of shortlived nuclides in stony-iron meteorites, which contain
both silicate and metal phases, allow us to infer the
time scale for magmatism and differentiation in such
objects. Although relative time scale with respect to
CAI formation cannot be deduced from the data on
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initial abundance of l~
in these meteorites, the
spread in the inferred initial l~176
in them
(Chen and Wasserburg 1996) suggests a time scale of
~12 Ma for the formation of these meteorites. This
would suggest that large-scale magmatism, differentiation and crystallization of Fe-Ni core in asteroidalsized bodies must have been complete within this time
scale.
The recent discovery of deficit in lS2w/lS4W ratio in
iron meteorites relative to carbonaceous chondrites also
supports a small time scale for differentiation in
meteorite parent bodies. The measured deficit of a few
parts per ten thousand in the lS2w/lS4w ratio has been
attributed by Lee and Halliday (1995) to the onset of
silicate-metal fractionation in the parent bodies of iron
meteorites prior to any significant decay of 182Hf. The
observed deficit in the initial ratio corresponds to a time
scale of only a few million years within which silicate/
metal fractionation in these objects was nearly
complete. In fact, additional data obtained by the same
group also suggest that accretion, differentiation and
core formation in the parent body of the HED
(howardite, eucrite and diogenite) meteorites took place
within a time scale of ~10 Ma (Lee and Halliday 1996).
In summary, the data for the short-lived nuclides in
meteorites suggest a very short time-scale of less than
a million years within which the protosolar molecular
cloud collapsed to form the Sun and some of the first
solar system solids like the Ca-Al-rich inclusions
(CAIs). The time scale of nebular processing, as
inferred from the isotopic data for CAIs and chondrules is several million years, which is difficult to
accommodate in the current models of the evolution of
small objects in the solar nebula. The available data
also suggest that the formation of the basaltic achondrites, that involved large scale melting and differentiation of meteorite parent bodies (planetesimals),
as well as of iron meteorites, that involved formation
and crystallization of metallic cores within planetesimals, took place within the first ten million years in
the history of the solar system.
Even though our understanding of the processes
leading to the formation and early evolution of
the solar system has increased considerably in recent
years, there are several aspects that need further
attention. These include: (i) confirmation of the
presence of the short-lived nuclides 36C1, 99Tc, 2~
92Nb, for which weak to strong hints are presently
available; such data will provide additional constraints
to pinpoint the source of the short-lived nuclides present in the early solar system, (ii) identification of
isotopic anomalies in diagnostic nuclides that will
provide information on possible contribution towards
the inventory of the short-lived nuclides in the early
solar system from energetic particle production; Lee
et al (1998) have recently proposed that 5~ and 138La
could be two potential nuclides in .this regard, (iii) a
precise determination of initial 53Mn/55Mn abundance
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at the t i m e of C A I f o r m a t i o n so t h a t the conflict
between M n - C r and U - P b isotopic systematics in
e s t i m a t i n g t h e t i m e scale for melting and differentiation of t h e p a r e n t bodies of the achondrites can be
resolved, (iv) need for b e t t e r stellar evolution a n d
nucleosynthesis models to pinpoint plausible stellar
source(s) of t h e short-lived nuclides a n d further analytical a n d o b s e r v a t i o n a l studies related to the possibility of a triggered origin of the solar system.
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