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Abstract

In addition to long-lived radioactive nuclei like U and Th isotopes, which have been used to
measure the age of the Galaxy, also radioactive nuclei with half-lives between 0.1 and 100 million
years (short-lived radionuclides, SLRs) were present in the early Solar System (ESS), as indicated
by high-precision meteoritic analysis. We review the most recent meteoritic data and describe
the nuclear reaction processes responsible for the creation of SLRs in different types of stars and
supernovae. We show how the evolution of radionuclide abundances in the Milky Way Galaxy
can be calculated based on their stellar production. By comparing predictions for the evolution of
galactic abundances to the meteoritic data we can build up a time line for the nucleosynthetic events
that predated the birth of the Sun, and investigate the lifetime of the stellar nursery where the Sun
was born. We then review the scenarios for the circumstances and the environment of the birth
of the Sun within such a stellar nursery that have been invoked to explain the abundances in the
ESS of the SLRs with the shortest lives – of the order of million years or less. Finally, we describe
how the heat generated by radioactive decay and in particular by the abundant 26Al in the ESS
had important consequences for the thermo-mechanical and chemical evolution of planetesimals,
and discuss possible implications on the habitability of terrestrial-like planets. We conclude with
a set of open questions and future directions related to our understanding of the nucleosynthetic
processes responsible for the production of SLRs in stars, their evolution in the Galaxy, the birth
of the Sun, and the connection with the habitability of extra-solar planets.

Contents

1 Introduction 2

1

ar
X

iv
:1

80
8.

00
23

3v
1 

 [
as

tr
o-

ph
.S

R
] 

 1
 A

ug
 2

01
8

http://creativecommons.org/licenses/by-nc-nd/4.0/


2 Background information 5
2.1 The derivation of the SLR abundances in the ESS . . . . . . . . . . . . . . . . . . . . . 5
2.2 Stellar evolution and nucleosynthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3 Galactic chemical evolution and the build-up of Solar System matter . . . . . . . . . . 12
2.4 Radioactivity and habitability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3 The SLR variety: ESS abundances and stellar origins 16
3.1 10Be and 7Be . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.2 26Al . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.3 36Cl and 41Ca . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.4 53Mn . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.5 60Fe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.6 The r-process SLRs: 129I, 244Pu, and 247Cm . . . . . . . . . . . . . . . . . . . . . . . . 24
3.7 The SLRs with an s-process contribution: 107Pd, 182Hf, and 205Pb . . . . . . . . . . . . 27
3.8 The p-process SLRs: 92Nb, 146Sm, and 97,98Tc . . . . . . . . . . . . . . . . . . . . . . . 28
3.9 126Sn and 135Cs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4 The galactic chemical evolution of radioactive isotopes 29
4.1 General models and considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.2 Deriving timescales . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

5 The circumstances of the birth of the Sun 35
5.1 The stellar sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
5.2 The injection mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
5.3 The environment of the birth of the Sun . . . . . . . . . . . . . . . . . . . . . . . . . . 40

6 The effect of radioactive decay on the evolution of the Solar System solid bodies 42
6.1 Radioactive heating sources in the Solar System . . . . . . . . . . . . . . . . . . . . . . 42
6.2 Incorporation into minerals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
6.3 Implications from the decay of 26Al decay on planetesimal evolution . . . . . . . . . . . 46

7 Conclusions 48

8 Acknowledgments 49

9 References 50

1 Introduction

More than a century has passed since Marie Sk lodowska Curie1 coined the term Radioactivity to indi-
cate the emission of radiation and particles from peculiar nuclei. Since then, the role and applications of
radioactivity have had a profound impact in many fields of science and technology. The role of radioac-
tive nuclei in the field of astrophysics has been long recognised and described. For example, radioactive
nuclei power the light of supernovae and the radiation they emit can be mapped throughout the Galaxy
by satellite observatories [1]. Here we focus on the most recent advances in the research directions that
relate the process of short-lived (half-lives2 T1/2 ∼ 0.1 to 100 million years, Myr) radioactivity to the
concept of cosmochronology, and on the relatively more recent link between short-lived radioactivity

1The 150th anniversary of her birthday was recently celebrated on the 7th of November 2017.
2See Table 1 for a list of all the symbols and the acronyms used throughout the paper.
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and habitability. We consider in particular the applications of radioactivity in the field of cosmochem-
istry, i.e., the study of the composition of meteorites and other solid Solar System samples aimed at
explaining the origin of chemical matter in the Solar System and in the Universe. Due to extensive
technological advances in the laboratory analysis of the isotopic composition of terrestrial and extrater-
restrial materials, the amount of information and constraints that can be derived from such studies are
expanding at a very fast rate. Much effort on the theoretical interpretation is needed to keep up with
the experimental data. In this landscape, the connections between radioactivity, cosmochronology, and
habitability are becoming more relevant than ever, and the implications of these connections are quickly
becoming far reaching. The aim of this paper is to illustrate and discuss these connections and their
implications.

Cosmochronology is intrinsically linked to radioactivity, being defined as the use of the abundances
of radioactive nuclei to compute either the age of the elements themselves, or the age of astronomical
objects and events. The first aim typically relies on very long-lived radionuclides with half-lives T1/2 of
the order of billions of years (Gyr), such as 238U, 232Th, 187Os, 87Rb; an introduction to this topic can
be found, for example, in Chapter 1 of [1]. Here we address the second aim: to use radioactive nuclei
to calculate the age of astronomical objects and events, specifically in relation to the birth of our Sun
and Solar System, with the ultimate aim to compare the birth of our Sun to the birth of other stars
and their extra-solar planetary systems. To such aim we use short-lived radionuclides (SLRs, T1/2 ∼
0.1 to 100 Myr), which provide us with a range of chronometers of the required sensitivity.

It is well known that radioactive decay can be used as an accurate clock because the rate at which
the abundance by number of a radioactive nucleus NSLR decreases in time due to its radioactive de-
cay is a simple linear function of the abundance itself, where λ is the time-independent constant of
proportionality referred to as the decay rate:

dNSLR

dt
= −λNSLR. (1)

A quick integration between two set times t1 and t0 delivers:

NSLR(t1) = NSLR(t0)e−λ(t1−t0), (2)

which can also be written as

t1 − t0 = τ [ln(NSLR(t0))− ln(NSLR(t1))], (3)

where τ = 1/λ = T1/2/ln(2) is the mean-life, i.e., the time interval required to decrease NSLR by a factor
1/e (instead of a factor 1/2, as for the half-life).

Radioactive clocks have been used extensively to measure a large variety of time intervals. The
decay of 14C, a nuclide with a half-life of 5730 yr, allows us to measure timescales related to human
history; and the age of our Milky Way Galaxy of approximately 13 Gyr has been estimated also based
on the ages of some of the oldest observed stars inferred from their U and Th abundances [4, 5]. Thanks
to the SLRs considered here, it has become possible to investigate in detail the early history of the Solar
System and build a chronology of planetary growth from micrometer-sized dust to terrestrial planets
[6]. For example, the solidification of the lunar magma ocean has been dated to about 200 Myr after
the birth of the Sun also thanks to the α radioactive decay of 146,147Sm into 142,143Nd, respectively [7].
The age of the oldest solids in the Solar System, the calcium-aluminium-rich inclusions (CAIs) found
in primitive meteorites (Fig. 1), is 4567-4568 Myr (see Table 3 of [8]) as measured from the radioactive
decay chain starting at the U isotopes and ending into the Pb isotopes. CAIs are believed to be among
the first solids to have formed in the protosolar nebula, thus, their age is taken also as indicative for
the age of the Sun.
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CAI Egg 2 yielded an age of 4.80 ± 0.07 Ga, whereas two point 
melilite–pyroxene tie-lines for Egg 6 and Big Al yielded ages of 
4.80 ± 0.18 Ga and 4.53 ± 0.09 Ga, respectively (Papanastassiou 
et al., 1987). Other Sm–Nd data reported for CAIs demonstrate 
clear evidence for isotopic disturbance, although some individual 
data points fall near a 4.55 Ga reference line (Bogdanovski and 
Jagoutz, 1999, 1997). Thus, with the exception of the two-point 
tie-line for Allende CAI Big Al by Papanastassiou et al. (1987), all 
published Sm–Nd data for CAIs demonstrate evidence for isotopic 
disturbance. The relative paucity of Sm–Nd age investigations of 
CAIs reflects the difficulties associated with: 1) obtaining large, 
petrographically well characterized samples, 2) producing high pu-
rity mineral separates that exhibit substantial fractionation of Sm 
and Nd, and 3) obtaining sufficiently accurate isotopic ratios on 
very small amounts of Nd and Sm. This study is based on large 
mineral fractions from Allende CAI Al3S4 produced at the Univer-
sity of Chicago circa 1975 that allowed long duration, high inten-
sity, multi-dynamic runs of Nd+ (rather than NdO+ as in previous 
studies) on the newest generation of thermal ionization mass spec-
trometer. This approach minimizes measurement errors, facilitates 
high precision 142Nd/144Nd and 143Nd/144Nd ratio determinations, 
and ultimately allowed us to obtain undisturbed Sm–Nd isotopic 
systematics for a CAI.

The alpha decay of short-lived radionuclide 146Sm to 142Nd 
has been used as a geochronometer for determining the chronol-
ogy of Solar System formation and early planetary differentia-
tion, and provides insights into p-process nucleosynthesis of solar 
146Sm (e.g. Caro, 2011; Boyet et al., 2010; Wasserburg et al., 2006;
Audouze and Schramm, 1972). The half-life of 146Sm has been 
measured five times (Meissner et al., 1987; Friedman et al., 1966;
Nurmia et al., 1964; Dunlavey and Seaborg, 1953), and includes 
a recent measurement by Kinoshita et al. (2012). The currently 
adopted half-life, derived from the work of Friedman et al. (1966)
and Meissner et al. (1987) is 103 ± 5 Ma. Kinoshita et al. (2012)
determined a value for the 146Sm half-life of 68 ± 14 Ma based 
on alpha activity counting experiments. This value is outside an-
alytical uncertainty of the traditional 103 Ma half-life changing 
the time scales derived from the isotopic system. The coherent 
146Sm–142Nd isochron derived from mineral separates of CAI Al3S4 
in this study, provides an independent evaluation of the 146Sm 
half-life.

There is abundant evidence for isotopic disturbance of the Rb–
Sr system in Allende CAIs (Gray et al., 1973; Tatsumoto et al., 1976;
Podosek et al., 1991; Moynier et al., 2010). Young model ages of 
CAIs have been interpreted to reflect disturbance of the Rb–Sr sys-
tem after the formation of the CAIs but before ∼3.6 Ga, implying 
that alteration occurred on the Allende parent body at least 1 Ga 
after CAI formation. In addition to the Sm–Nd data, we also present 
Rb–Sr isotopic data that strongly implies a disturbance to the sys-
tem during alteration on the Allende parent body.

2. Materials and methods

Allende CAI Al3S4 is also known as TS-34 and has been studied 
extensively (Clayton et al., 1977; Beckett, 1986; Simon et al., 1991;
Davis et al., 1992; Beckett et al., 2000). A photomicrograph pro-
duced by Clayton et al. (1977) is presented in Fig. 1. Al3S4 is 
a relatively large CAI, measuring 1.2 cm at its maximum dimen-
sion. The petrography of Al3S4 was described in detail by Clayton 
et al. (1977). The CAI has a well-defined mantle of melilite with 
∼38 volume percent (vol%) clinopyroxene (Al, Ti-rich diopside) 
and ∼4 vol% spinel. The core contains approximately 14 vol% 
spinel, 32 vol% melilite, 46 vol% clinopyroxene, <2 vol% anor-
thite, and ∼6 vol% secondary phases (Beckett, 1986; Connolly et 
al., 2003). Melilite and pyroxene (Al, Ti-rich diopside) crystals in 
the interior range up to ∼1 mm in size and are surrounded by a 

Fig. 1. Photomicrograph of Allende CAI Al3S4 from Clayton et al. (1977). The outer 
1.5 mm border consists of radially oriented melilite crystals, with spinel content in-
creasing inwards. The interior of the inclusion is primarily crystalline clinopyroxene, 
melilite, and anorthite with included euhedral spinel. Field of view is 22 mm ×
17 mm.

1.5 mm thick mantle composed primarily of melilite. Spinel crys-
tals 40–150 µm in size are included in all major phases throughout 
the CAI. Cracks and veins of alteration, typical of most Allende 
inclusions, are present throughout TS-34. Secondary minerals are 
primarily grossular, monticellite, and wollastonite (Beckett, 1986).

Allende CAI Al3S4 was separated into constituent phases by a 
combination of magnetic and heavy liquid separations, as well as 
hand-picking, at the University of Chicago (Clayton et al., 1977). 
Mineral fractions were prepared using two density separation 
steps. In the first, melilite and pyroxene-dominated fractions were 
prepared from a 100–300 µm size fraction using a solution of 
density 3.26 g/cm3. The melilite and pyroxene-dominated frac-
tions were further crushed to <50 µm and separated into melilite 
and pyroxene fractions by hand-picking. Two density separates of 
the bulk CAI above and below 3.26 g/cm3 were also analyzed. 
The composition of the mineral fractions was determined by x-
ray diffraction at the University of Chicago (Clayton et al., 1977)
and confirmed by SEM/EDS at Lawrence Livermore National Labo-
ratory. A brief description of the composition of the mineral frac-
tions follows: 1) the d < 3.26 g/cm3 fraction consists primarily 
of melilite with minor anorthite and secondary minerals; 2) the 
d > 3.26 g/cm3 fraction consists of pyroxene and spinel; 3) the 
pyroxene fraction consists of pyroxene (Al, Ti-rich diopside), spinel, 
and perovskite, 4) the melilite + pyroxene fraction consists primar-
ily of melilite with minor pyroxene, 5) the melilite fraction consists 
of melilite with minor anorthite, and 6) the fines fraction consists 
of a split of the fine-grained, <325 mesh powder, produced dur-
ing sieving of the sample in preparation for mineral separations. 
Although the mineralogy of this fraction was not determined it is 
likely to contain a disproportionate amount of fine-grained alter-
ation minerals, making it somewhat more vulnerable to isotopic 
disturbance.

The five mineral and fines fractions were washed and sonicated 
in deionized water at LLNL for 10 minutes, and then digested in 
concentrated HF + HNO3 using Parr bombs. Samples were heated 
to 150 ◦C for 24 h in the bombs. Samples were transferred from 
the bombs and underwent repeated dry downs in aqua regia until 
completely digested with no residual material remaining. Follow-
ing dissolution, 5% aliquots were spiked with 149Sm and 150Nd 
tracers (97.7% and 97.8% purity, respectively). In order to minimize 
uncertainty on the 87Rb/86Sr ratio associated with the Rb labo-
ratory blank, the 95% fractions were spiked with 87Rb and 84Sr 

Figure 1: Photomicrograph produced in 1977 [2] of the CAI named Al3S4 from the Allende
meteorite. The field of view is 22 mm × 17 mm. In 2014, the initial 146Sm/144Sm ratio in
the ESS was derived from analysis of this CAI [3] (bottom left panel of Fig. 2).

Unlike cosmochronology, habitability has been linked to short-lived radioactivity only recently. Here
we use the concept of habitability in the following sense: whether or not an astronomical object can
support the formation or the maintenance of life forms partly similar to those we have on Earth [9].
Formation and maintenance, however, are two different processes, both related to habitability. It
should be kept in mind that life forms elsewhere in the Universe could be fundamentally different from
those we know from Earth. However, the definition of life as a system based on chemicals, built on
organic material, and supported by liquid water as a solvent is generally accepted by the astrobiological
community and thus is also used here.

The paper is structured as follows. Section 2 introduces some basic methodology and considerations
and is separated into four sections: Sec. 2.1 presents the methods by which the initial SLR abundances
in the early Solar System are inferred from meteoritic analysis. Section 2.2 presents a broad overview
of stellar evolution and nucleosynthetic processes in stars. Section 2.3 describes the processes that have
built up the Solar System chemical matter, from galactic chemical evolution to the formation of the Sun
itself. Section 2.4 presents how, in general, radioactivity may influence habitability in several direct and
indirect ways. Section 3 discusses in more detail each SLR, from its meteoritic abundance to the nuclear
path of its stellar production. The 19 SLRs considered here are grouped into 9 subsections, according
to their nucleosynthetic production processes. In Sec. 4 we deal with Galactic evolution: Sec. 4.1
presents the simple analytical models used so far to describe the evolution of SLRs in the Galaxy, and
Sec. 4.2 shows how the SLR galactic abundances can be used to establish the timing of specific events
related to the birth of our Sun. In Sec. 5 we discuss inferences derived from the presence of SLRs
in the ESS concerning the circumstances of the Sun’s birth. For sake of clarity, we distinguish three
different questions related to the general problem: the stellar sources, the injection mechanism, and the
plausibility and probability of the possible scenarios (covered in Sec. 5.1, 5.2, and 5.3, respectively). In
Sec. 6 we describe the potential sources of radioactive heat in the ESS and the implications on planet
formation and habitability: first, we analyse all the possible radioactive heat sources (Sec. 6.1), then we
consider carrier minerals (Sec. 6.2), and finally the specific, important case of 26Al (Sec. 6.3). Section 7
summarises the main points of the paper and presents a final set of open questions and future research
directions.

The topic of the present paper covers a range of research fields, from nuclear physics, via astronomy
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and astrophysics, to planetary sciences, from both the experimental and the theoretical perspective.
We focus here on the interdisciplinary connections between these topics. As such the paper has been
written keeping in mind different audiences and with the broad aim to foster and enhance the efficiency
of the knowledge transfer required to answer the currently open questions.

2 Background information

2.1 The derivation of the SLR abundances in the ESS

Analysis of meteoritic whole rocks and separate inclusions is applied to derive the abundances of the
SLRs as close as possible to the time when the Sun was born, i.e., in the early Solar System (ESS).
The CAIs (FIG. 1) are one of the major components (amounting up to several %) of the most primi-
tive meteorites, the carbonaceous (CC) and unequilibrated ordinary (UOC) chondrites, and consist of
high-temperature (refractory) solids. The other components of chondrites are chondrules – solidified
melt droplets that gave these meteorites their name – and matrix, both of which consist largely of
silicate minerals. These meteorites are “undifferentiated”, i.e., they were not affected by major plane-
tary/asteroidal processes like magmatism and formation of a metallic core. “Differentiated” meteorites,
in contrast, suffered from such processes and include the rarer (by number) “achondrites”, and the
iron and stony-iron meteorites. Important among the achondrites in the context of establishing ESS
abundances of SLRs (e.g., 244Pu) are the angrites, named after the type specimen Angra dos Reis.
Achondrites include also eucrites (magmatic rocks likely from the asteroid Vesta) as well as meteorites
from the Moon and from Mars.

Since the birth of the Sun was a process that lasted a few Myr, rather than a specific point in time,
the definition of the time when the Sun was born is ambiguous. As usual in cosmochemistry we define
this as the time when the first solids formed, in other words, as the age of the oldest solids found in
meteorites, the CAIs. As mentioned above, the age of CAIs is very well determined using U to Pb
radioactive dating. Furthermore, it appears that CAIs, unlike chondrules, formed over a very short
timescale of the order of 0.1 Myr [14], similar to the median lifetimes of proto-stars hydrostatic cores
surrounded by a dense accretion disk3. In the following we will refer to the ESS as the time when the
CAIs formed.

Given that the Sun is almost 4.6 Gyr old and the SLRs we consider here live less than 100 Myr,
even if they were abundantly present when the Sun was born, today they are completely extinct and
their abundances in the ESS cannot be not measured directly. They are rather inferred from analysis
of meteoritic samples via the identification of an excess in the daughter nucleus into which each SLR
decays. For example, excesses in 26Mg or 60Ni, with respect to their normal abundance ratios relative
to isotopes without a possible radiogenic component such as 24Mg or 58Ni, can be the product of the
radioactive decay of 26Al or 60Fe, respectively. This is conceptually very different from observing, as
done recently, live 60Fe in the Earth’s deep sea crust [15] (as well as 244Pu [16]), in fossilised bacteria [17],
and on the Moon [18]. This live 60Fe is the fingerprint of a recent injection, roughly 2 Myr ago, from
one or more supernova(e) resulting from the core-collapse of massive stars (core-collapse supernovae,
CCSNe) [19]. On the other hand, an excess in 60Ni relative to 58Ni measured in meteorites represents
extinct 60Fe and potentially the fingerprint of one or more CCSNe that occurred more than 4.6 Gyr
ago. Also, fifteen atoms of live 60Fe have been counted in accelerated particles (cosmic rays, CRs) that
reach the Earth [20]. These live 60Fe atoms are the fingerprint of recent production events from CCSNe
in the groups of massive stars (OB associations) from where the CRs are believed to originate.

In the case of the ESS abundances, to make more evident the radiogenic origin of the observed

3These are referred to as proto-stars of Class 0. In the Class I objects more than 50% of the envelope has fallen onto
the central protostar, Class II objects have circumstellar disks, while Class III proto-stars have lost their disks.
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Table 1: List of acronyms and symbols used throughout the paper.

General
Myr Millions of years
SLR Short-lived radionuclide
NSLR Abundance by number of a SLR
Nstable Abundance by number of a stable reference isotope
λ Decay rate
τ = 1/λ Mean-life
T1/2 = τ ln2 Half-life
ESS Early Solar System
CAI Calcium-aluminium rich inclusion
δ/ε(N1/N2) Per mil/per ten thousands variation of the abundance ratio N1/N2

Stars and supernovae
M� Solar mass
Z Stellar metallicity
AGB star Asymptotic giant branch star
CCSN Core-collapse supernova
SNIa Type Ia supernova
WD White dwarf
NSM Neutron star merger
WR star Wolf-Rayet star
(G)MC (Giant) molecular cloud
CRs Cosmic rays
Galaxy
GCE Galactic chemical evolution
ISM Interstellar medium
k Infall parameter in GCE analytical models
K GCE parameter in analytical granularity equation
δ Recurrence time between stellar additions from the same source
TGal Age of the Galaxy up to the formation of the Sun
Tisolation Isolation time of the (G)MC where the Sun was born
TLE Time of a last nucleosynthetic event
Nucleosynthesis processes
NSE Nuclear statistical equilibrium process
s process Slow neutron-capture process
r process Rapid neutron-capture process
p process Process responsible for the production of p-rich isotopes heavier than Fe
γ process Photodisintegration process
ν process Neutrino process
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excesses, it is necessary to analyse materials with variable amounts of the element to which the SLR
isotope belongs, relative to the element to which the daughter isotope belongs, e.g., the Al/Mg and the
Fe/Ni ratios in the case of 26Al and 60Fe, respectively. True radiogenic excesses should be more evident
in materials with the higher elemental ratios. These materials are advantageous in disentangling the
true radiogenic excesses from other effects that may cause unusual isotopic ratios, such as statistical
flukes as well as instrumental and natural mass fractionation effects. Excesses in the daughter nuclei
are usually measured relative to the most abundant isotope of the same element, and to better highlight
their nature as excesses, they are reported in the form of δ-values or ε-values, i.e., per mil or per ten
thousand, respectively, variations with respect to a corresponding “normal” isotopic ratio, as defined
by a laboratory standard. For example, in the case of the 26Mg/24Mg ratio the δ-value is:

δ(26Mg/24Mg) =

(
(26Mg/24Mg)measured

(26Mg/24Mg)standard

− 1

)
× 1, 000. (4)

The ε-value is defined in the same way, except that the variation is multiplied by 10,000 instead of
1,000. A linear correlation between the excess and the elemental ratio (e.g., δ(26Mg/24Mg) versus
Al/Mg) proves that the SLR was incorporated in the samples while still alive ([10], Fig. 2). The slope
of the line gives the abundance ratio of the SLR to the stable reference isotope at the time of closure
of the system, i.e., the time after which the system was not disturbed anymore by any redistribution
of isotopes or elements, the only compositional change coming from radiogenic decay. Any alteration
event after formation of a solid can be responsible for “resetting” the chronometers. The line defined
by the data points is referred to as an isochrone, since data points located on a given line have by
definition the same ratio of the SLR to its reference isotope, i.e., their closure time is the same. Any
younger sample, i.e., one that closed after some time, would lie on a line with a shallower slope, since
it would contain a lower initial abundance of the SLR due to its decay during the given time interval.
Using this method, SLRs can be used to derive relative ages for Solar System samples, from which we
can infer the history of the formation of planetesimals and planets [6].

The intercept at x=0 represents the composition of a virtual sample that did not include any
abundance of the SLR. As such it provides the initial ratio of the daughter nucleus to the reference
isotope of the same element at the time of closure, relative to the laboratory standard. Samples that
formed later from a same reservoir, as explained above, would present a shallower slope, at the same time,
they would also have a higher intercept, since the SLR would have decayed further within the reservoir
itself. However, different δ-values at x=0 for different samples could also indicate non-radiogenic (i.e.,
not dependent on the decay time) heterogeneities in the initial abundance of the daughter nucleus
and/or the SLR itself. For example, discussion is on-going on whether 26Al itself was distributed
heterogeneously or homogeneously in the ESS (Sec. 3.2). It is crucial to determine the presence of SLR
heterogeneities also because these would disturb the derivation of the isochrone-based ages for Solar
System samples.

Time differences between different samples can contribute to the uncertainties in our knowledge of
the ESS abundances of the SLRs. Clearly, the best samples for this purpose are the oldest possible
materials, the CAIs. In some cases analysis of a given element in CAIs is not easily possible, and other
materials younger than CAIs need to be used. This is the case, for example, for 60Fe, due to the fact
that not much Fe is present in CAIs. The age difference between the analysed sample and the CAIs can
be measured using other radioactive systems and then be used to extrapolate back from the abundance
measured in the sample to the ESS value (see, e.g., the case of 247Cm/235U in the bottom right panel
of Fig. 2).

Two more issues should be mentioned. The first is the case where excesses in the daughter nu-
cleus may be present, which are not related to the radiogenic decay of the SLR. Potential intrinsic
heterogeneities could be produced both by natural and artificial effects. Natural effects include nu-
cleosynthetic signatures, i.e., anomalies in the stable isotopes due to the original presence of presolar
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stardust, as well as mass fractionation, both mass-dependent and non mass-dependent [21]. Artificial
effects can occur during the laboratory chemical procedures and the measurement itself and are mostly
of the mass-dependent fractionation type. These effects can be prominent relative to the true radio-
genic effect, which is usually quite small (in fact, as explained above, it is measured in per mil or per
ten thousand variations). The mass-depended artificial effects can be corrected by analysing at least
three isotopes, and normalising the system to a chosen set of “normal” non-radiogenic ratios. A typical
example where these issues are particularly relevant is the hotly debated case of 60Fe (Sec. 3.5).

The second issue is related to the derivation of useful SLR to stable isotope ratios in the ESS for
the few SLRs heavier than Fe produced by the proton-capture process (the p process; see Sec. 2.2),
and potentially for 244Pu (Sec. 3.6). In these cases, to obtain a ratio that is possible to interpret
within the framework of stellar nucleosynthesis it is necessary to re-normalise the measured ratio to a
different stable isotope than that used for the measurement. This involves the use of the Solar System
abundances of stable isotopes and their associated uncertainties, which can be relatively large when
different elements are involved. A main example is 92Nb, whose ESS abundance is measured relative
to 93Nb, which is the only stable isotope of Nb and is produced by neutron-capture processes. The
abundance of 92Nb needs to be re-normalised instead to 92Mo, a neighbouring nucleus that is produced
by the p process like 92Nb (see Sec. 3.8).

In Table 2 we present an update of Table 1 of Dauphas & Chaussidon (2011) [6] for 19 SLRs. The
half-lives are taken from the National Nuclear Data Center website (www.nndc.bnl.gov, including errors
in brackets), except for 10Be and 146Sm, for which references are given in the table footnotes. Roughly a
dozen new measurements and estimates have become available since 2011, improving the accuracy and
precision of our knowledge of the initial ESS abundances of roughly half of the listed nuclei. The number
of nuclei with three stars in the quality ranking (last column of Table 2) has increased by one since 2011
because of the more precise determination of the 107Pd/108Pd ratio [22]. Further, the 247Cm/235U ratio
is now much more solidly determined, thanks to the discovery of the peculiar U-depleted CAI Curious
Marie named after Marie Sk lodowska Curie ([12], bottom right panel of Fig. 2). On the other hand, we
have downgraded the estimate of the 244Pu/238U ratio from three- to two-star quality due to the fact
that two different values are reported from two different types of experiments. The value given by [23] is
roughly half of that listed in the table from [24] (see discussion in Sec. 3.6). The number of ratios with
one-star quality has decreased from five to three with respect to Table 1 of [6] due to the upgrade of
the 247Cm/235U ratio, as well as the recently improved upper limit of the 135Cs/133Cs ratio [25]. This is
now more than two orders of magnitude lower than the previous estimate, providing a more significant
constraint. For three of the SLRs produced by the p process (92Nb and 97,98Tc) we provide both the
experimental ratio and the ratio re-normalised to a different stable isotope using the most recent Solar
System abundances of the stable isotopes [26, 27].

Most of the uncertainties listed in Table 2 are statistical only and given at 2σ, however, several
exceptions are present, which are discussed in detail within the subsections of Sec. 3 dedicated to the
different isotopes. Systematic uncertainties, on the other hand, are not included since they derive from
specific suppositions and cannot be evaluated quantitatively. An indication of the magnitude of such
uncertainties can only be derived by comparing the results from different experiments, approaches, and
assumptions. For example, in the case of the ESS abundance of 107Pd, the main current uncertainty is
related to a potential systematic error related to the age of the considered sample [28].

Three more SLRs exists with half-lives in the range of interest here: 81Kr (0.23 Myr), 93Zr (1.5
Myr), and 99Tc (0.21 Myr). They are not included in Table 2, however, for various reasons: 81Kr is a
noble gas isotope, and as such was virtually absent from the solid materials with which we deal here.
Even if it was introduced therein by ion implantation, as in the case of noble gas trapped in meteoritic
components such as stardust nanodiamond and SiC, as well as Phase Q [29], its abundance would still
be very low compared to the neighbouring less volatile elements and not reflect the abundance produced
in a stellar source. In addition, its daughter nucleus 81Br is also volatile and thus prone to secondary
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loss, complicating matters further. The daughter of 93Zr is 93Nb; for this nucleus it is not possible to
observe an excess relative to other isotopes of Nb since it is the only stable isotope of Nb. Finally, 99Tc
decays into 99Ru. Only upper limits are available for the similar case of 98Tc decaying into 98Ru, but
99Tc is even more challenging [30] due to the 20 times shorter half-life of 99Tc with respect to 98Tc, and
the 7 times higher natural abundance of 99Ru with respect to 98Ru.

2.2 Stellar evolution and nucleosynthesis

The cosmic abundances of the vast majority of the nuclei of the elements heavier than H and He are
produced by processes occurring during the various hydrostatic and explosive evolutionary phases of
single stars, as well as during the interaction of two or more stars in multiple stellar systems. This
applies to the abundances of both stable and radioactive nuclei, the only difference being, of course,
that the latter, following production, decay according to their half-lives. In fact, it was thanks to
the discovery of the signature of the short-lived element Tc in the spectra of red giant stars that it
was possible to definitely prove that nucleosynthesis occurs in situ inside stars [46]. Any Tc originally
present would have been completely decayed – its isotopes have half-lives of a few million years at most
– by the time of the order of billions of years that the observed low-mass stars take to reach the red giant
phase. Here below we provide a brief summary of the processes of stellar evolution and nucleosynthesis.
For more detailed reviews see [47–50].

In the interiors of stars matter can reach extremely high temperatures, for example, 10 million K
(MK) in the core of the Sun and up to billions of K in supernovae. Under the force of gravity, high
density conditions are also maintained, for example, roughly 100 gr/cm3 in the core of the Sun and up
to 1010 gr/cm3 in supernovae. Such conditions force nuclei to keep in a confined volume and to react
via a huge variety of nuclear interaction channels. This complexity and diversity created all the variety
of atomic nuclei from carbon up in the Universe. It is, however, not enough to produce nuclei in the
hot and dense interiors of stars and supernovae. Mechanisms must also exist such that these nuclei are
expelled into the surrounding medium and recycled into newly forming stars and planets. In stars born
with mass similar to the Sun (solar mass, hereafter M�) and up to roughly ten times this value, these
mechanisms are identified as the combination of the mixing of matter from the deep layers of the star to
the stellar surface and the stellar winds that peel off the external layers of the star. These processes are
active most efficiently during the final phases of the lives of these stars, the so-called asymptotic giant
branch (AGB) phase. During the AGB, efficient dredge-up episodes of matter from the hot core of the
star occur together with strong stellar winds, driving mass-loss rates up to 10−4 M�/yr. The winds are
powered by variations in the stellar radius, and thus the luminosity and the surface temperature, as well
as by the presence of large amounts of dust that form in the cool (∼2000 K) external layers of the star.
When most of the original stellar mass is lost, the matter expelled by the wind can be illuminated by
UV photons coming from the central star, producing what we observe as a colourful planetary nebula.
Eventually the core of the star, rich in C and O produced by previous He burning, is left as a white
dwarf (WD, Fig. 3). The evolutionary timescales of such low-mass stars are relatively long, from 1,000
Myr for stars of mass around that of the Sun, down to several tens of Myr for stars of mass around 7
times larger.

More massive stars live much shorter lives, from a few Myr to a few tens of Myr, and end their
lives due to the final collapse of their core (Fig. 3). Once nuclear fusion processes have turned all the
material in the core into Fe, neither fusion nor fission processes can release enough energy anymore to
prevent the core collapse. As the core collapses, matter starts falling onto it, which results in a bounce
shock and a final CCSN explosion. The exact mechanism of the explosion is not well known although
remarkable progress has been made in the past decade [51]. The supernova ejecta are responsible for
carrying out into the interstellar medium the fraction of synthesised nuclei that does not fall back
into the neutron star or black hole remnant. In the earlier phases of the evolution of these massive
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Table 2: For the 19 SLRs we list their daughter nuclei, stable or long-lived reference isotopes, T1/2 (and
τ) from the National Nuclear Data Center website (www.nndc.bnl.gov, including errors on the last
digits in brackets), and ESS ratios. In the last column, following Dauphas & Chaussidon [6] a quality
ranking is given: three stars indicate those SLRs whose ESS abundance is well determined; two stars
indicate those SLRs for which there is convincing evidence for their presence in the ESS, but the initial
abundance is less certain; one star indicates those SLRs for which there are reports, but the evidence
is weak and awaits confirmation; < means that only an upper limit on the initial abundance exists.

SLR Daughter Reference T1/2(Myr) τ(Myr) ESS ratio Ref. Quality
26Al 26Mg 27Al 0.717(24) 1.035 (5.23± 0.13)× 10−5 [31] ? ? ?
10Be 10B 9Be 1.388(18)a 2.003 3− 9× 10−4 [32]b ? ? ?
53Mn 53Cr 55Mn 3.74(4) 5.40 (7± 1)× 10−6 [8] ? ? ?
107Pd 107Ag 108Pd 6.5(3) 9.4 (6.6± 0.4)× 10−5 [28]c ? ? ?
182Hf 182W 180Hf 8.90(9) 12.8 (1.018± 0.043)× 10−4 [33] ? ? ?
247Cm 235U 235U 15.6(5) 22.5 (5.6± 0.3)× 10−5 [13] ? ? ?
129I 129Xe 127I 15.7(4) 22.6 (1.28± 0.03)× 10−4 [34] ? ? ?
92Nb 92Zr 93Nb 34.7(2.4) 50.1 (1.57± 0.09)× 10−5 [35] ? ? ?

92Mod (3.2± 0.3)× 10−5 ? ? ?
146Sm 142Nd 144Sm 68e/103f 98e/149f (8.28± 0.44)× 10−3 [3] ? ? ?
36Cl 36S, 36Ar 35Cl 0.301(2) 0.434 2.44± 0.65× 10−5 [13]g ??
60Fe 60Ni 56Fe 2.62(4) 3.78 (1.01± 0.27)× 10−8 [36]h ??
244Pu i 238U 80.0(9) 115 (7± 1)× 10−3 [24] ??
7Be 7Li 9Be 53.22(6) days 76.80 days (6.1± 1.3)× 10−3 [37] ?
41Ca 41K 40Ca 0.0994(15) 0.1434 (4.6± 1.9)× 10−9 [38] ?
205Pb 205Tl 204Pb 17.3(7) 25.0 (1.8± 1.2)× 10−3 [39] ?
126Sn 126Te 124Sn 0.230(14) 0.33 < 3× 10−6 [40] <
135Cs 135Ba 133Cs 2.3(3) 3.3 < 2.8× 10−6 [25] <
97Tc 97Mo 92Mo 4.21(16) 5.94 < 1× 10−6 [27] <

98Rul < 1.1× 10−5 <
98Tc 98Ru 96Ru 4.2(3) 6.1 < 2.× 10−5 [30] <

98Rul < 6.× 10−5 <

aAccording to [41]. band references therein. A single CAI with a very high value of 104×10−4 also exists
[42]. cThe value needs to be confirmed by Pb-Pb dating using the U isotope composition determined
for the same sample, it could be lowered down to 4 × 10−5 [28]. dRenormalised using Solar System
abundances [26, 27]. eAccording to [43]. fAccording to [3]. g We calculated the error bar translating
the age of less than 50 kyr [13] into an age of 25± 25 kyr. hValues from 10−7 to 10−6 are also reported
[44, 45]. iThe main (99.88%) decay mode of 244Pu is by α emission. The ensuing decay chain proceeds
through the very long lived 232Th (T1/2=14 Gyr). The spontaneous fission of 244Pu, which results in
measurable excesses of some Xe isotopes used to derive the ESS abundance of 244Pu, represents only
0.12% of the decay process. lRenormalised using Solar System abundances [26].
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stars, also stellar winds can play the important role of shedding freshly synthesised material into the
stellar surroundings. In fact, in some cases, the winds can be so strong that layers previously affected
by nuclear burning are exposed, and the ashes of the burning of H and He in the stellar core can be
observed directly at the stellar surface. These rare, peculiar stars are known as Wolf-Rayet (WR) stars
[48] and the strong winds that characterised them are driven by radiation, when the mass of the star
is so high (roughly > 40 M�) that its luminosity can push matter away. Binary interaction can also
result in significant loss of matter from stars, if the presence of a companion results in gravitational pull,
enhanced mass loss, and non-conservative mass transfer when mass is lost from the system. Another
interesting consequence of binary interaction is when accretion of mass from a stellar companion onto
a WD is followed by explosive thermo-nuclear burning on the surface of the WD, which results in what
we observe as nova explosions. These explosion events also shed matter into their surroundings. An
even more extreme case of thermo-nuclear explosions are the supernovae classified as Type Ia (SNIa).
In contrast to supernovae classified as SNII, which are rich in H and originate from CCSNe, SNIa are
characterised by the absence of H in their spectra. In this case C-burning initiated within a WD made
mostly of C and O produces a detonation or a deflagration that tears the whole WD apart (Fig. 3).
Even though the light from these events is used as a standard candle to measure the expansion of the
Universe (e.g., [52]), their origin is still mysterious. Two major binary channels are currently proposed:
a WD accreting matter from a stellar companion, and the collision of two WDs.

Stellar nucleosynthesis was first systematically organised by Cameron [53] and Burbidge et al. [54] –
of which an update can be found in Wallerstein et al. [55]. Hydrogen burning is mostly responsible for
the production of N by conversion of C and O into it, as well as a large variety of minor isotopes: from
13C produced via proton captures on 12C, to the only stable isotope of Na (23Na) produced by proton
captures on 22Ne, and the SLR 26Al, produced by proton captures on 25Mg. Typical temperatures
are from 10 to 100 MK, depending on the stellar site. Helium burning is mostly identified with the
triple-α (4He particle) reaction producing 12C, and the 12C(α,γ)16O reaction, producing 16O. Many other
secondary channels of burning open as the temperature increases above 100 MK, for example, conversion
of already present 14N nuclei into 22Ne via double α-captures. Also reactions that produce free neutrons
are typically associated with He-burning, the most famous being 13C(α,n)16O and 22Ne(α,n)25Mg. In
stars with mass below roughly 10 M�, nuclear burning processes do not typically proceed past He
burning. When He is exhausted in the core these stars enter the AGB phase with a degenerate, inert
C-O core. In more massive stars, instead, the temperature in the core increases further. A large variety
of reactions can occur. These processes involve C, Ne, and O burning, and include many channels of
interactions, with free protons and neutrons driving a large number of possible nucleosynthetic paths.
The cosmic abundances of the “intermediate-mass” elements, roughly from Ne to Cr, are mainly the
result of this burning. Once the temperature reaches billions of degrees, the probabilities of fusion
and photodisintegration reactions become comparable and the result is nuclear statistical equilibrium
(NSE). This process favours the production of nuclei with the highest binding energy per nucleon,
resulting in a final composition predominantly characterised by high abundances of the nuclei around
the Fe peak in the Solar System abundance distribution.

Beyond the Fe peak, charged-particle reactions are not efficient anymore due to the large Coulomb
barrier around these heavy nuclei (with number of protons greater than 26). Neutron captures, in the
form of slow neutron captures, the s process (see [56] for a review), and rapid neutron captures, the r
process (see [57] for a review), are instead the main channels for the production of the atomic nuclei
up to the actinides. Traditionally, these two neutron capture processes stand as the two extreme cases:
during the slow process, neutron captures are always slower than decays, during the rapid process,
neutron captures are always faster than decays. However, intermediate cases do also occur in nature,
ranging from the mild case of the operation of branching points on the s-process path (as discussed
below in relation to a variety of SLRs, such as 60Fe), to the neutron burst in CCSNe (again, possibly
affecting the abundances of many SLRs), to the intermediate neutron-capture process, the i process,
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identified so far mostly in low-metallicity environments and post-AGB stars [58, 59].

The s process requires relatively low neutron densities (∼ 107 cm−3) and is at work during He and
C burning in low-mass AGB stars (producing most of the s-process elements, from Sr to Pb) and the
hydrostatic burning phases of massive stars (producing the s-process abundances from Fe to Sr). The
neutrons are provided by the neutron source reactions on 13C and 22Ne mentioned above [56]. The r
process requires much higher neutron densities (> 1020 cm−3) and is at work in explosive neutron-rich
environments. The stellar site of the r process has been one of the most uncertain and highly debated
topic in astrophysics. Currently, neutron star mergers (NSMs) are being favoured due to new constraints
from the discovery of the gravitational wave source GW170817 and its counterparts in γ-rays (NSMs
are believed to be the origin of short γ-ray bursts) and in the optical and infrared, where the source is a
kilonova resulting from the radioactive decay of heavy r-process nuclei [60, 61]. Measurements of 244Pu
in the Earth’s crust as compared to its ESS abundance also support rare events such as NSM as the site
of the r process [62]. Peculiar flavours of CCSNe (with strong magnetic fields, jets, as well as accretion
disks around black holes) could also contribute to r-process production in the Galaxy [57]. Another
problem with the modelling of the r process is the fact that the nuclei involved are extremely unstable
and it is difficult to experimentally determine their properties, even their mass. The coming up large
Facility for Antiproton and Ion Research (FAIR) at GSI (Germany) is one of the facilities promising
future improvements on this problem, together with the Facility for Rare Isotope Beams (FRIB) at
MSU (USA) and the RI Beam Factory at RIKEN (Japan).

A few tens of nuclei heavier than Fe are located on the proton-rich side of the valley of β-stability and
cannot be produced via neutron captures. These nuclei have typically very low abundances, i.e., they
represent at the very most a few percent of the total Solar System abundance of the element they belong
to. To account for their production a so-called p process is invoked, whose mechanism and astrophysical
site is still debated. One popular flavour of the p process is the γ process [63], where heavier, abundant
nuclei are photodisintegrated in an explosive environment to produce lighter p-process nuclei. Other
possibilities are related to the inverse case, where lighter nuclei capture charged particles to reach some
heavier p-process nuclei, typically the lightest, and most abundant up to Mo and Ru at atomic mass
around 90-100. There are several proposed options for this modality, from the rp process (rapid p
process), for example, occurring in X-ray bursts from explosive burning due to accretion of matter
from a stellar companion onto a neutron star, to explosive nucleosynthesis during CCSNe, in particular
when matter cools down from NSE and α particles becomes available (α-rich freeze out), as well as the
neutrino winds from a nascent neutron star (the ν process).

Finally, the bulk of the production of B, Be, and Li4 does not occur in stars. The abundances of
these nuclei are produced via spallation reactions in the interstellar medium (ISM). Spallation reactions
occur when material is hit by accelerated particles, i.e., cosmic rays (CRs). This process can be also
referred to as non-thermal nucleosynthesis, given that it does not occur within a Maxwellian plasma as
nucleosynthetic processes in stars.

The list of SLRs present in the ESS (Table 2) cover almost the whole range of atomic masses, from
approximately 10 to 250. As such, their production mechanisms cover the whole range of nucleosynthetic
processes that occur in stellar production sites, as will be discussed in detail in Sec. 3.

2.3 Galactic chemical evolution and the build-up of Solar System matter

As stars end their life polluting their environment via winds or explosions with atomic nuclei freshly
synthesised in their interiors, new stars are born in the ISM, collecting the gas and dust expelled by the
dying stars. In this way, the chemical composition of the Galaxy evolves with time and results in stars
of different ages located in different regions of the Galaxy to present different chemical compositions [65,

4For Li a contribution from Big Bang and stellar nucleosynthesis is also present [64].
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66]. This process is referred to as galactic chemical evolution (GCE) and is specifically responsible for
the fact that stars have different metallicities (Z), i.e., amounts of “metals”. Traditionally, in astronomy
Z refers to all the elements heavier than H and He; the Fe abundance is often used as a proxy for it.
For the Sun Z = 0.014 [67], but we also find stars in our Galaxy with Z varying from six orders of
magnitude lower than for the Sun to more than a factor of two higher, depending on both the time and
place where they were born. A simple GCE model predicts that metallicity increases as the Galaxy
evolves with time. The consequence is that younger (relative to present day) stars should show higher
metallicity than older stars, since the younger stars would have formed later during the evolution of
the Galaxy and collected material from more previous generations of stars. However, the most recent
observations of large stellar galactic populations show that for each stellar age there is a large spread
of metallicity [68, 69]. This is interpreted as the result of stellar migration from different regions of the
Galaxy [70], where different star formation rates produce different numbers of stellar generations and
in turn different metallicities. In this respect the field of GCE is now moving towards a more complete
picture of galactic “chemo-dynamical” evolution.

Within the ISM, star formation occurs within hierarchical structures (see [71] for an accessible
review). Stellar nurseries are the coldest and denser regions of the ISM and are referred to as molecular
clouds (MCs, named molecular because of the presence of molecules, in particular hydrogen molecules)
or giant molecular clouds (GMCs), depending on their size, which is of the order of 50 parsec (pc)
for GMCs (top panel of Fig. 4). Molecular clouds in the solar neighbourhood appear to be relatively
short-lived, of the order of a few Myr [72], instead, molecular clouds further away have been observed
to have lifetimes in the range 20 to 40 Myr [73]. Such differences have been attributed to their larger
masses. It is now well established that the vast majority of stars are born in MCs large enough to
produce at least a group of stars, referred to as a stellar cluster. GMCs potentially host a number of
stellar clusters. The clusters have sizes on the order 0.5 pc (left bottom panel of Fig. 4) and the number
of stars can vary largely, from a few tens to tens of thousands. Within clusters, the star formation
process is relatively fast, on the order of a few Myr at most (see [74] and references therein). Within the
0.05 pc scale, a dense core (the protosolar nebula in the case of the Sun) collapses to form a single star
or a multiple stellar system of typically two or three stars. The star itself is first observed as embedded
within a thick envelope from which it accretes matter. Since the nebula rotates, a protoplanetary disk
forms (the protosolar disk in the case of the Sun). Within a few Myr, possibly up to 10 Myr based on
statistical observations [75, 76], only solids are left in the disk as all the gas is dispersed. This complex,
hierarchical structure of star formation results in the possibility of stars within a given stellar cluster or
GMC to evolve and pollute the gas from which new stars are born or the already formed protoplanetary
disks, with some SLRs, as will be discussed in relation to the Sun in Sec. 5.3.

Within this global picture we can identify two phases for the presolar history of Solar System matter
(Fig. 5). The first phase is related to the evolution of the Galaxy on the relatively long time interval
from the formation of the Milky Way Galaxy to the birth of the Sun of ∼9 Gyr (equal to the age of
the Milky Way of ∼13 Gyr minus the age of the Sun of 4.6 Gyr). The bulk of the composition of our
Sun and its planets was constructed by generations of hundreds to thousands of stars in the Galaxy,
each contributing their parcel of atomic nuclei to the build-up of the matter that ended up in the Solar
System. The elemental and isotopic composition of the Sun has been used as one of the fundamental
benchmarks for GCE models because it is very well known, thanks both to spectroscopic observations
interpreted using sophisticated models of the atmosphere of the Sun [67], and to laboratory analyses
of pristine meteorites [26, 77]. Specifically, GCE models are required to match the Sun’s composition
for stars born at the time (4.6 Gyr ago) and place (roughly 8 kpc from the galactic centre, under the
assumption that the Sun did not migrate from its birth place) when and where the Sun was born.

The end of the GCE contribution is marked by the incorporation of such presolar matter into a
(G)MC. At this point in time the second phase of the presolar history of Solar System matter begins:
its residence time in the stellar nursery where it was born. This phase lasted of the order of few to tens
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of Myr, i.e., roughly three to four orders of magnitude less than the GCE timescale. In relation to the
investigation of SLRs in the ESS, the time when such an incorporation occurred has been referred to
as the isolation time (Tisolation). The reason is that the mixing between material in the hotter ISM and
in the colder (G)MC is relatively slow, i.e., the time scale to achieve complete mixing is long (∼100
Myr [78]), thus, during the isolation time the presolar matter was isolated from stellar contributions
in the GCE regime. In other words, Tisolation is the time the ESS matter spent inside a (G)MC before
the formation of the Sun, isolated from the evolution of the ISM matter driven by GCE. It can also be
described as the time interval between the birth of the parent (G)MC and the birth of the Sun itself,
and called an “incubation” time. During Tisolation a number of SLRs were only affected by radioactive
decay, which thus can be used as a clock to measure Tisolation (as will be presented in detail in Sec. 4.2).
This method gives us the most accurate way to investigate the lifetime of the specific (G)MC where the
Sun was born. As mentioned above, molecular clouds are observed to live between a few to a few tens
of Myr, probably depending on their size and mass, however, we do not know which side of this range
is applicable to the particular case of the Sun.

It is important to highlight here the difference between stable nuclei and SLRs in the context of the
build-up of Solar System matter. In relation to stable nuclei, GCE is the most significant process and
the contributions from all previous generations of stars count, given that the abundances of these nuclei
continue to increase as the Galaxy evolves. Furthermore, for stable nuclei potential additions from one
or a few more short-lived, massive stars within the (G)MC or the stellar cluster where the Sun was born
would not have made a noticeable difference since their abundances produced by the GCE in the ISM
at the time and place of the birth of the Sun were already relatively high5. Long-lived radioactive nuclei
such as Th and U behave in this respect in a very similar way to stable nuclei, while the situation for
SLRs is highly dependent on their specific half-lives. The longer the half-life, the more the abundance of
the nucleus in the ESS carries the imprint of its production by GCE, as in the case of stable nuclei. The
shorter the half-life, the more the abundance of the SLR nucleus in the ESS carries the imprint of its
production within the (G)MC or stellar cluster where the Sun was born, simply because the isolation
time is more likely to have erased its GCE contribution. In this case the SLR cannot be used as a
clock to measure the isolation time, but acts instead as an indicator for the circumstances of the birth
of the Sun within its stellar nursery, i.e., it indicates that the Sun was born close enough in time and
space to a production event. The SRLs are thus the fingerprint of the stellar objects that populated
the environment where the Sun’s birth happened. There are many different scenarios and hypotheses
on the circumstances and the environment of the birth of the Sun based on such shortest-lived SLR
fingerprints, particularly 26Al; they are discussed in more detail in Sec. 5.

2.4 Radioactivity and habitability

Here, we briefly list connections and interactions related to how radioactivity may influence habitability.
It does so in complex ways, with many lines of often intricate interaction between different factors.
These factors can be grouped into two classes. Direct influences of radioactivity include internal heat
generation of planetary bodies. Beside the radioactive sources, the relict heat from the accretion
process contributes significantly to the temperature of the mantle and the core. There is an ongoing
debate on which factor dominates among these two on the Earth today [81]. Some researchers consider
them equally important [82, 83], however, in the longer term radioactive heat may dominate over
accretionary heat. Measurements of geologically produced antineutrinos may help to settle this question,
however, current uncertainties are very large [84]. Volcanism is a possible consequence of internal heat
generation, which may then be responsible for melting of ice, additions to the atmosphere (which

5Some care is still needed in specific cases, e.g., if the ESS was polluted by a nearby star or supernova, this could
have affected the O isotopic ratios to the level of per mil variations, which is within the resolution of measurements of
meteoritic samples [79, 80].
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in turn may lead to protection of the planetary surface from UV irradiation), increasing chemical
heterogeneity, and generation of additional chemical energy sources from heat driven chemical reactions.
Plate tectonics is also driven by internal heat and supports planetary scale chemical circulation, while
increasing geochemical diversity by producing granitic crust and continents (on the Earth). Weathering
then produces an even wider variety of materials that differ from those that would have been present
if the whole surface were covered by water. Sufficient rates of internal heat production can also lead to
the formation of a (partially) molten iron core, which can generate a global magnetic field on a rotating
planet, which in turn protects the atmosphere against erosion by stellar wind and the surface against
ionising charged particle bombardment.

Indirect influences are related to the formation of molecules essential for life. Radioactivity affects
the characteristics of the environment, which in turn determines whether such molecules could form
or not (because of temperature, volcanic activity, and presence or absence of liquid water). Not only
the organic materials produced by chemical reactions matter here, but more indirect effects are also
important, like the generation of phyllosilicate minerals by the action of water. Phyllosilicates help in
molecular polymerisation and increase the stability of organic molecules. Such molecules might then
support prebiotic processes, and the origin of life as well. They could also support the maintenance of
life after its origin by serving as nutrients and building blocks for the already emerged life.

The effects listed above and their consequences are linked to each other, creating a complex system,
which influences habitability in a variety of ways. The possible connections between radioactivity and
various factors that influence habitability of solid planetary bodies are shown in Fig. 6. Note that the
figure is applicable only to bodies with a solid surface (including rocky planets, icy moons or asteroids,
comets), while gaseous planets and brown dwarfs are different cases. Radioactive heat sources are
considered, but other heat sources could be also present or even dominate over radioactivity, and may
produce similar consequences as those that are listed here. Two main causal branches are visible: the
heat production from radioactivity that has far reaching consequences, and the radiation itself that has
a smaller number of consequences with less complexity. For example, radioactive heat driven melting
causes differentiation of a planetary body, which in turn affects volcanic activity, material circulation, as
well as chemical and atmospheric characteristics. In this respect it is relevant to note that the duration
of radioactivity as well as its level differ between shorter- and longer-lived radionuclides. While short
decay times lead to early activity on a planetary body, the presence of radionuclides with longer decay
time may be essential in supporting long duration habitability – however, here the thermal budget of
the body also matters: losing the continuously generated heat too efficiently may keep the given body
in a frozen state.

Without the heat generated by radioactivity the conditions for habitability would be quite different
and often much less favourable. In the cases where heating leads to internal melting, differentiation
of the planetary body interior could contribute to liquid water and magnetic field generation, volcanic
activity, as well as contribute to the generation of an atmosphere, and in general result in mineral
diversity, where the latter may have a complex but poorly known connection with habitability [85].
Without such radioactive heat-generated differentiation and melting, liquid iron cores may be much
less abundant among terrestrial planets, allowing - due to lack of a magnetic field - cosmic radiation to
bombard the surface [86]. The bombardment by cosmic ray particles probably reduces the chance of
the origin of life on the surface and also the survival of organisms there. While in the subsurface region
both origin and survival of life is possible even in such a case [87], subsurface niches seem unlikely to be
sufficient for supporting the emergence of more advanced life, and radiation in such cases does not allow
surface organisms to exploit stellar irradiation – which is a much larger energy source than subsurface
chemical sources, therefore opening the way for faster evolution [88]. In the case of a missing magnetic
field, habitability may still be possible but in restricted and limited form.

Within the context of this paper we will mostly discuss the effects on habitability of the specific case
of SLRs as heat sources in the ESS (Sec. 6.3). We will see that the most interesting case is that of 26Al
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(T1/2=0.7 Myr), simply because this SLR was so abundant. Potentially, also 60Fe and 36Cl can be of
interest as heat sources in the ESS, depending on their initial abundances, which for the ESS are still
debated (see Secs. 3.3 and 3.5). In relation to the case of longer-lived radionuclides as long-term sources
of heating, 232Th (T1/2=14 Gyr), 235U (T1/2=0.703 Gyr), 238U (T1/2=4.5 Gyr), and 40K (T1/2=1.2 Gyr)
are still alive today in the Solar System and are of paramount importance in relation to the internal
energy budget of the Earth. As mentioned above, their decay currently provides possibly half of the
total heat budget of the solid Earth (the other half being the primordial heat left over from its formation
[89]), with implications on its surface habitability. Th and U are actinides produced by the r process,
while 40K is produced together with the two stable isotopes of K (at masses 39 and 41) in CCSNe via
O burning. Interestingly, from stellar observations and GCE models it is possible to determine the
abundances of some of these isotopes in extra-solar planets.

Since U and Th are refractory, we can assume that their abundances, relatively to Si, observed or
predicted in stars should be close to the abundances present in rocky planets around the stars. Recent
observations of solar twins, with and without planets, have shown that most of these stars have larger
Th abundances than the Sun [90], with a spread of almost a factor of 3. This difference probably
has important implications on the habitability of extra-solar terrestrial-like planets. Galactic chemical
evolution modelling of the elements produced by the r process are needed to establish the reason for the
spread in the abundance of Th. Because of its long half-life, Th can almost be treated as a stable isotope
with respect to GCE and as such its abundance should be intrinsically less prone to inhomogeneities in
the ISM as opposed to the SLRs (Sec. 4). However, since it is likely that the creation of the r-process
elements occurs in rare nucleosynthetic events associated with NSMs [61], it seems qualitatively feasible
that the abundances of r-process elements may show a relatively large spread, even for stars very similar
in age and metal content (i.e., the recurrence time of the additions to a particular parcel of the ISM
may be actually comparable with the half-life, see Sec. 4). This was already demonstrated using models
of inhomogeneous GCE for the typical r-process element Eu [91]. More observations of Th and U in
stars with planets should be feasible in the future and will provide more information on the internal
heat budget from long-lived radioactivity in extra-solar terrestrial planets.

The abundance of 40K, on the other hand, cannot be disentangled from stellar spectra from that of
the much more abundant 39K. In this case, we will need to rely on GCE models to predict its abundance
in stars. We may expect a smaller spread than in the case of Th and U since its CCSNe sources are
much more common than NSMs in the Galaxy. A further problem, however, is that K is moderately
volatile (with a 50% condensation temperature in the ESS of 1006 K as compared to 1610 for U [92]),
and presents abundance variations in the Solar System, for example, between the Earth, Mars, and
chondrites. In this case, model predictions for stars cannot be directly translated into predictions for
the planets around them.

3 The SLR variety: ESS abundances and stellar origins

The possible nucleosynthetic production sites for the SLRs and their stable reference isotopes are
summarised in Table 3. All the processes listed in the table occur in stars, except for non-thermal
nucleosynthesis. As mentioned above, spallation typically occurs in the ISM, however, it could also
have had an important role in the ESS, with CRs coming from the Galactic background [114], the
young, active Sun [113], or resulting from the interaction of one or more nearby CCSN remnant(s) with
the ISM [115]. A number of SLRs can be produced by this process, clearly 7Be and 10Be, but also
26Al, 36Cl, 41Ca, and 53Mn. However, there are several arguments against a major contribution the ESS
as models have difficulties in providing a self-consistent solution that matches the abundances of all
these isotopes [116]. Another difficulty is that a homogeneous distribution of the SLRs is not expected
in this method of production, given the variability of the CR flux, but it is observed for 26Al and
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Table 3: List of stellar nucleosynthesis sites and the nucleosynthetic processes occurring within them
that are responsible for the production of the SLRs and stable reference isotopes listed in Column
3. Column 4 indicates if the site of production is important in terms of GCE (M=Major) or not
(m=minor); M/m indicates that it is still debated whether the site is major or minor. Indicative
references are listed in Column 5.

Stellar site Process Products Relevance Ref.
Low-mass AGBs s process 107Pd, 108Pd M [93, 94]

135Cs, 133Cs M
182Hf, 180Hf M
205Pb, 204Pb M

Massive and p captures 26Al m [80, 94–96]
Super-AGBs n captures 41Ca, 36Cl, 60Fe m

s process 107Pd, 135Cs, 182Hf m
WR stars p captures 26Al M [97, 98]

n captures 41Ca, 36Cl m
n captures 97Tc, 107Pd, 135Cs, 205Pb m

CCSNs p captures+explosive 26Al, 27Al M [99]
n captures 60Fe M [99]
n captures 36Cl, 41Ca M [94, 100]
C/Ne/O burning 35Cl, 40Ca M [101]
NSE 53Mn, 55Mn, 56Fe M/ma [101]
n captures 107Pd, 126Sn, 135Cs m [102]

129I, 182Hf, 205Pb m
α-rich freezeout 92Nb, 92Mo, 97Tc, 98Tc M/m [103]
γ process 144Sm, 146Sm M/m [103, 104]
ν process 10Be, 92Nb m [105, 106]

SNIa NSE 53Mn, 55Mn, 56Fe M [107]
γ process 92Nb, 93Nb, 146Sm, 144Sm M/m [108]

97Tc, 98Tc, 98Ru M/m
NSM/special CCSN r process 107Pd, 108Pd, 126Sn, 124Sn M [109]b

135Cs, 133Cs, 129I, 127I M
182Hf, 180Hf M
247Cm, 235U, 244Pu, 238U M [110, 111]

novae ejecta p captures 26Al m [112]
CRs non-thermal 7Be, 10Be, 9Be M [32]

26Al, 41Ca, 36Cl, 55Mn m [113]

aThe current understanding is that roughly 1/3 of the abundances of the Fe-peak elements in the Galaxy
are produced by CCSNe, with the rest coming at later times from SNIa. bAbundances to be derived
using the s-process predictions provided in the reference via the r-residual method, where the r-process
abundance is given by the Solar System abundance minus the s-process abundance.
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53Mn. Furthermore, for the widely discussed model of irradiation by cosmic rays from the young Sun,
it appears that not enough energy was available to produce all the 26Al if this SLR was homogeneously
distributed throughout the ESS at the abundance level listed in Table 2 [117]. Experimental data for
the relevant nuclear reaction rates involved are scarce, but we note that there are recent new data on
the 33S(α,p)36Cl [118] and 24Mg(3He,p)26Al reactions [119], which are important in the context of solar
cosmic ray irradiation. The latter further disfavours this production channel for 26Al.

Column 4 of Table 3 clarifies if the listed site is a major (M) or a minor (m) site of production of
the cosmic abundances of the listed isotopes. If the site is major, it means that not only the ratio of
the SLR to the stable isotope of reference is significant, but also that the absolute abundance produced
is large enough to impact the evolution of the SLR abundance in the Galaxy. To measure this, one can
compare the mass fraction of the stable isotope in the stellar ejecta (i.e., the mass expelled in form of
the given isotope divided by the total mass lost) to its mass fraction in the Solar System abundance
distribution. The ratios of these two numbers can be referred to as “production factors”, and values
roughly above 10 are needed to make the site under consideration a potentially important site. With
respect to the presence of SLRs on the ESS, the distinction between major versus minor site is crucial.
Major sites of production must be included in the analysis of the evolution of SLRs in the Galaxy
described in Sec. 4 and they affect the use of SLRs as clocks to measure the isolation time. Minor sites
of production are irrelevant in this context. On the other hand, if we consider the environment of the
birth of the Sun, and a potential nearby stellar source of SLRs, then also minor production sites could
have played a role in polluting the ESS with SLRs. In this case the stellar yields are diluted according
to the distance from the star to the Sun, and given that such local sources are supposed to have been
relatively close to the early Sun (∼ 0.5 - 5 pc, see Sec. 5), pollution even from a source that provides a
relatively low absolute abundance can result in noticeable variations.

In Column 2 we also list a process referred to as “n captures”, which was not included in the list
of the traditional nucleosynthesis processes described in Sec. 2.2. We use this label when we are in the
context of neutron capture reactions, but the s- or the r-process labels do not apply. There are two
possibilities for this: first, in relation to the SLRs up to Fe, 36Cl, 41Ca, and 60Fe. The traditional s or
the r processes were introduced specifically for the production of the elements heavier than Fe, hence,
it is not strictly appropriate to use these terms for neutron-capture reaction that produce nuclei up
to Fe. The second instance involves the production of SLRs heavier than Fe, however, the neutron-
capture process does not produce a significant abundance of the elements heavier than iron. Only a
small number of neutrons are released in these cases, and the production of SLRs relies on the original
presence of stable nuclei belonging to the same element. In line with this, the n-capture process in the
case of SLRs heavier then Fe is always indicated as a minor (m) site of production in the table.

Expanding on the information given in Tables 2 and 3, in the following subsections we group the
SLRs according to their nucleosynthetic production processes and for each of them we discuss in more
detail their ESS abundances and nucleosynthetic origins.

3.1 10Be and 7Be

As shown in Table 2, there is a large range of values observed for the abundance of 10Be in the ESS,
and no compelling evidence exists for choosing one specific value over the others [37]. The different
values probably do not indicate time differences, but are the result of an inhomogeneous distribution.
This in line with production by CR irradiation, since the particle flux driving the spallation reactions
is likely to vary with time and location within the disk. Furthermore, the 10Be abundance does not
correlate with that of 26Al. This is expected if they were produced by different processes: 10Be via CR
irradiation and 26Al via stellar nucleosynthesis.

Data reported for FUN-CAIs show 10Be/9Be in the range 3-4 ×10−4 [120]. FUN-CAIs show large
mass-dependent fractionation effects and have much larger anomalies in stable isotopes than other CAIs
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(hence the name FUN, which stands for Fractionated and Unknown Nuclear anomalies). FUN-CAIs
also show much lower abundances of 26Al than the value given in Table 2. Due to these properties, they
are believed to be among the oldest CAIs, formed before 26Al was injected or homogenised in the disk,
and before the dust carriers of the stable isotope anomalies were efficiently homogenised. Hence, the
10Be variations shown by the FUN-CAIs may be taken as the range of values produced by CRs that
did not originate from the Sun, but from the galactic background or from the interaction with one or
more nearby CCSN remnants [32]. An alternative explanation for this baseline value was proposed by
considering a model of a CCSN with low mass and explosion energy, which predicts production of 10Be
via neutrino interactions [105]. This CCSN on the other hand does not produce enough 26Al to explain
the ESS data, so a different source must be invoked for this SLR. The highest value of 104 ×10−4 for
10Be/9Be was observed in one specific CAI only [42]. This value must clearly be due to irradiation
within the ESS. All the other CAIs are only moderately higher than the baseline value.

The case of 7Be, which stands out from all the other SLRs for having an extremely short half-life
of 53 days, is controversial: only one measurement (given at 2σ in Table 2) is available and awaits
confirmation. While 7Be can be made in some stars on the pathway to 7Li production [121], given its
short half-life the only possible origin for a potential presence of 7Be in the ESS is that of solar CR
irradiation.

3.2 26Al

Aluminium-26 is probably the most famous SLR. Not only was it one of the first discovered to have
been present with a high abundance in the ESS [10], but its presence was predicted more than two
decades before its discovery on the basis of the need for a heat source in the early Solar System [122].
The first hypothesis on the circumstances of the birth of the Sun, the collapse of the protosolar cloud
triggered by a nearby CCSN, was also based on the discovery of 26Al [123]. Furthermore, for 26Al there
is some consensus that its abundance in the ESS was homogeneously distributed [124], and thus the
value reported in Table 2 is defined as a “canonical” value for the ESS [31]. This allows us to use the
decay of 26Al as a sensitive chronometer for the very early history of the Solar System [6].

However, some inhomogeneities exist also in case of this SLR. As mentioned above, FUN-CAIs are
well known to contain 26Al in variable amounts (e.g., [125]). Another case are micro-corundum (Al2O3)
grains extracted from meteorites, which represent very early Solar nebula condensates since corundum
is one of the first minerals predicted to condense in a cooling gas of solar composition. These grains
show a bimodal distribution in 26Al: half of the grains belong to a 26Al-rich population, with 26Al/27Al
close to the canonical value, and the other half belong to a population of 26Al-poor grains with more
than 20 times lower ratios [126]. Corundum-bearing CAIs also show large variations [127]. Interestingly,
the 26Al-rich and 26Al-poor grains show the same O isotopic composition, close to that of the Sun6,
and typical of CAIs. This observation poses strong constraints on the origin of 26Al, since a successful
pollution model should avoid predicting a correlation between the presence of 26Al and modification of
the O isotopes [79].

Furthermore, it has also been pointed out that the 26Al/27Al ratio may have been heterogeneous not
only in relation to micro-corundum and special CAIs, but also at large scale in the protoplanetary disk.
For example, Larsen et al. [129] conclude that the canonical value is representative only of the CAI
forming region, while the rest of the disk was characterised by 26Al/27Al roughly half of the canonical
value. This is based on high-precision determination of the initial 26Mg/24Mg ratio (i.e., at the Al/Mg=0
intercept, see Sec. 2.1) and the fact that the decay of a canonical abundance of 26Al should have modified
the global abundance of 26Mg by a larger amount than observed. Other interpretations are also possible,

6The O isotopic composition of the Solar System is not uniform, with the Sun being more rich in 16O by 6% with
respect to planets and bulk meteoritic rocks. This difference is typically interpreted as the effect of self-shielding of CO
molecules from UV radiation in the ESS, but the exact mechanism is a matter of debate, see [128] for an accessible review.
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however. For example, heterogeneities in the Mg isotopes themselves, unrelated to the decay of 26Al. A
similar conclusion of a lower ESS 26Al abundance was reached on the basis of comparing ages based on
the Pb-Pb system and the Al-Mg system [130]. On the other hand, recently derived concordant Hf-W
and Al-Mg ages for angrites and CV chondrules provide evidence for an homogeneous distribution of
26Al in the ESS [131]. In case the finding of a lower canonical value for 26Al will be confirmed and
consensus achieved, the discussion on the origin of 26Al in the ESS will need to be revised, as well as
its implications as a heat source [130, 132].

The production of 26Al in stars and supernovae is due to proton captures on the stable 25Mg (see top
left panel of Fig. 7) occurring in various kinds of environments. The crucial reaction is 25Mg(p,γ)26Al,
which has been recently measured in the Laboratory for Underground Nuclear Astrophysics (LUNA,
at the Italian National Laboratories of the Gran Sasso, LNGS). Thanks to the background suppression
provided by the km-thick rock of the Gran Sasso mountain, the reaction is now known to high accuracy
and better precision than before [133]. However, a major problem is the fact that the reaction can feed
both the ground state of 26Al and its isomeric state, which immediately decays into 26Mg with a half-life
of just 6 seconds. The feeding factor to the ground state is not very well known, with large error bars
and inconsistent data from different experiments (see discussion in [133]). This still hampers a precise
knowledge of the rate of the reaction channel leading to the ground state of 26Al.

In massive and Super-AGB stars7 (of initial mass > 5 M�), H burning can occur at the base of the
convective envelope, when the temperature reaches of the order of 60-100 MK. At such temperatures,
the Mg-Al chain of proton captures is established, which results in the production of 26Al [80, 95, 96].
In this environment, the main destruction channel for 26Al is also proton captures, via the 26Al(p,γ)27Si
reaction. The rate of this reaction is not very well determined because it is controlled by the strength
of low-energy resonances at 68, 94, 127, and 189 keV, which are difficult to measure. Indirect methods
have been used to gather more information, but have not been applied yet to a revision of the rate and
its uncertainties. As for 27Al, relatively little production occurs in AGB and Super-AGB stars, with
production factors barely above unity.

In low-mass AGB stars (of initial mass < 5 M�) the base of the convective envelope is too cold to
allow production of 26Al. Extra-mixing mechanisms have been invoked to drive material from the base
of the convective envelope into the hotter region lying below it, and boost the production of 26Al [93].
The idea of extra-mixing in low-mass AGB stars was proposed on the basis of observations of stardust
oxide grains, and specifically those classified as Group II [134] showing the signature of H-burning via
the CNO cycle and at the same time excesses in 26Al higher than the other oxide grain populations
[135]. However, a new measurement of the rate of the 18O(p,α)15N reaction performed by LUNA [136]
resulted in a rate more than twice the one previously recommended [137]. This has allowed to attribute
the origin of Group II grains to massive AGB stars instead, whose base of the convective envelope is
hot enough to drive H burning [138]. Furthermore, the existence of extra-mixing during the AGB phase
of low-mass stars is currently not supported by the direct observations of these stars [139].

In massive stars (of initial mass > 10 M�), large amounts of both 26Al and 27Al are produced
particularly during the CCSN phase. The mechanisms at play have been previously analysed and
described in detail [99, 140]. In brief, during the pre-CCSN phases, WR stars can be strong producers
of 26Al due to peeling of the H-burning ashes from the convective envelope by strong winds. The same
reaction chain as in AGB and Super-AGB stars applies under these circumstances, albeit activated
at slightly lower temperatures (30-50 MK) and higher densities. During the CCSN explosion, further
production of 26Al and 27Al occurs in the O/Ne shells, where destruction is mainly wrought by neutron
captures, in particular the 26Al(n,α)23Na and 26Al(n,p)26Mg reactions. These have relatively large cross
sections, of the order of 100 mbarn [141, 142], whereas the (n,γ) channel cross section has a cross

7Super-AGB stars differ from AGB stars in that they experience C burning in their core, which result in a degenerate,
inert core made mostly of O and Ne. They derive from the highest values of the AGB initial mass range, roughly > 7-8
M�.
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section of approximately 4 mbarn8. Studies on the impact of nuclear uncertainties on the production
of 26Al in massive stars have indicated its sensitivity not only to reactions directly related to its path
of production and destruction but also indirectly to a number of other reactions (see [144] for details).

Aluminium-26 is of high interest also in the field of γ-ray spectroscopic observations performed, e.g.,
by the COMPTEL and INTEGRAL satellites, because the γ-ray photon at 1.8 MeV produced by its
decay can be detected [145]. This has allowed to establish that roughly 2 to 3 M� of 26Al are currently
present in the Galaxy. Also, it has been possible to spatially map the emission line from the 26Al decay,
which has allowed us to identify its main production regions as being in the mid-plane of the Galaxy,
where we expect more massive stars to be present. Furthermore, regions of higher 26Al abundance
correlate with associations of massive stars (OB associations, see below). These observations provide
important constraints in relation to the origin of 26Al in the Galaxy, and also in relation to its ESS
abundance via comparison to meteoritic data. To translate the total mass of 26Al in the Milky Way
ISM given from the γ-ray observation of 1.5 to 3.6 M� [145] into a 26Al/27Al ratio, it is necessary to
normalise it to the total mass of gas and dust in the Milky Way, of 8.1 ± 4.5 ×109 M�[146]. This results
in approximately 10−10 - 10−9 of 26Al in the Galaxy by mass fraction. To calculate the 26Al/27Al ratio
the abundance of 27Al is also required. This may differ from the solar value because γ-ray observations
sample the ISM today, while the Solar System abundances sample the ISM 4.6 Gyr ago. However, as
mentioned in Sec. 2.3 in recent years it has become clear that the evolution of the ISM is dominated
by the effect of stellar migration [70, 146], which results in a large spread of metallicity, as traced by
the abundance of Fe, for any given stellar age [68, 69]. For example, the increase in the abundance of
Fe in the past 4.6 Gyr is predicted to be less than 25%, while the observed spread for stars in this age
range is roughly a factor of 4. The evolution of Al in the Galaxy for the metallicity around solar of
interest here approximately follows that of Fe [69]. This is because Al is a secondary element produced
more efficiently in stars of higher metallicities, and much of the production of Fe is also delayed in
the Galaxy as it occurs in SNIa from WD, the product of long-living low-mass stars. Using the Solar
System abundance of 27Al to normalise the current day γ-ray data, a 26Al/27Al ratio in the ISM between
2×10−6 and 1.7×10−5 is derived. This is 3 to 25 times lower than the canonical ESS value. Taking into
account an isolation time would further decreases the ISM ratio that might be inherited by the ESS.
Even an isolation time of only 1 Myr would increase the lower bound of the discrepancy from 3 to 8
times lower. Thus it appears difficult to reconcile the high abundance of 26Al in the ESS with its current
ISM abundance, and an extra source has been invoked, as will be discussed in detail in Sec. 5. In this
context it should be noted that the large-scale emission observed from galactic 26Al is quite irregular
[147], indicating clumpy distribution of massive stars. Localised 26Al emission has been reported for
regions of OB associations of massive stars, such as Cygnus [148] and Scorpius-Centaurus [149]. This
suggests that (G)MCs in the neighbourhood of OB associations may in fact be more enriched in 26Al
than the average ISM. Whether and how this enriched, hot material can find its way into cold clumps
of star formation, however, still needs to be determined (see Sec. 5).

Finally, the initial abundance of 26Al in meteoric stardust grains recovered from meteorites [150] at
the time of their formation in stellar outflows can also be inferred using excess 26Mg. The presence of
26Al has been reported both for C-rich grains (silicon carbide SiC and graphite) and for O-rich grains
(in particular, corundum Al2O3 stardust). The derivation of the initial 26Al/27Al for stardust grains
is not based on an isochrone, as done for Solar System materials (Sec. 2.1) because carbonaceous and
corundum grains contain much larger amounts of Al than Mg, hence, it can be assumed that all the
measured 26Mg excess results from the original presence of 26Al9. The grains believed to be originating

8Neutron-capture cross sections are quoted from the KADoNiS database kadonis.org [143], unless indicated otherwise.
9Magnesium is not a main component of SiC, corundum (Al3O2), and hibonite (CaAl12O19) grains, however, it is a

main component of spinel (MgAl2O4). Stoichiometric spinel would contain two atoms of Al per each atom of Mg, which
corresponds roughly to 25 times a higher ratio than in the average Solar System material. However, in single stardust
spinel grains this proportion may vary.
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from CCSNe show very high abundances of 26Al, with inferred 26Al/27Al ratios in the range 0.1 to 1 [151],
and higher than theoretical predictions. They need to be used to further constrain the nucleosynthesis
models [152]. The grains that originated in AGB stars show somewhat lower abundances, with 26Al/27Al
in the range 10−3 to 10−2, which can also be used for comparison and constraints to the nucleosynthesis
models [135, 138, 153].

3.3 36Cl and 41Ca

These two SLRs are among the shortest lived in Table 2, with half-lives of the order of a few 105 yr. As
such they can help disentangle the events that occurred closest to the birth of the Sun. The issue of the
ESS abundance of 36Cl has been debated for some time. Potentially, this SLR can have both an initial
ESS contribution resulting from stellar pollution, and a late contribution from irradiation by solar CRs
in the disk. A difficulty arises from the fact that the main (98%) decay channel of 36Cl is via β− decay
to 36Ar, a noble gas that easily escapes from solid material. Instead, estimates of the ESS value of 36Cl
rely on measurements of excesses in 36S, the daughter of the electron capture channel. In support of
the case for a potential stellar source of 36Cl in the ESS, recent analysis of the Curious Marie CAI has
revealed the presence of this SLR together with 26Al in sodalite (a mineral that contains Cl) probably
produced by the aqueous alteration event that depleted the CAI in U (see also Fig. 2 and Sec. 3.6 in
relation to 247Cm in Curious Marie). An estimate of the time of occurrence of this event, after which
the CAI can be considered as a closed system, is less 50 kyr, as inferred from the 26Al-26Mg system
[13]. Other studies have found very high levels of 36Cl in some refractory inclusions, which were not
correlated to the presence of 26Al [154], as well as large heterogeneities [155], providing a case for also
a late irradiation contribution, as for 10Be.

The case of 41Ca poses a difficult measurement because of its very low abundance. The latest data
on a handful of CAIs [11, 38] demonstrate the presence of this very short-lived isotope in the ESS, with
a relatively low inferred ESS value. However, also heterogenities appear to be present in its distribution
since one CAI (out of four analysed) did not show a resolvable excess in the daughter 41K. Also in this
case irradiation in the ESS can be responsible for the observed variations, although more data is needed
to ascertain values and distributions.

The nucleosynthetic paths for the production of 36Cl and 41Ca are similar (see Fig. 7, top right panel
and bottom left panel, respectively). Both SLRs are produced by neutron capture on an abundant stable
isotope (35Cl and 40Ca, respectively). 35Cl has a neutron-capture cross section roughly twice as large as
that of 40Ca, however, it is roughly 15 times less abundant. The major destruction channels of 36Cl and
41Ca in the presence of neutrons are the (n,α) and (n,p) reactions [156], whose cross sections are not
very well determined. Overall, it appears plausible to produce the two SLRs in stellar sources to the
level required by their ESS ratios (see, e.g., Sec. 5.1 and Fig. 13). However, the large uncertainties both
in their ESS abundances and distributions as well in the nuclear paths of production and destruction
prevent us from drawing strong conclusions on their sources at this time.

3.4 53Mn

The value of the 53Mn/55Mn ratio in the ESS is considered very well known since several estimates
are available and in good agreement with each other (e.g., [157, 158], see Table 9 of [8]). The number
reported in Table 2 is the value recommended by [8] on the basis of all the available data. The half-life
of 53Mn, on the other hand, is still a topic of debate [159]. The currently recommended value of 3.7
Myr is based on three different, concordant experiments from the early 1970s, however, a higher value
of 4.8 Myr has been proposed in order to explain apparent discrepancies with 26Al and Pb-Pb ages that
exist for some (however not all) meteoritic samples [160].
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The bulk of the abundance of Mn in the Galaxy, both the stable 55Mn and the SLR 53Mn, is the
result of the decay of 53Fe and 55Fe produced by explosive Si burning and standard NSE. The following
decay of 53Mn provides much of the cosmic abundance of 53Cr. The astrophysical site where the
majority of such production occurs are probably SNIa that reach the Chandrasekhar mass. Actually,
the existence of such a SNIa channel appears to be required by the need to provide a significant galactic
source of Mn and the other iron peak elements at late times [161, 162]. The production of 53Mn is only
very marginally affected by nuclear reaction uncertainties given the nature of the NSE process, which
depends more on the stability of the nuclei themselves, rather than presenting a path of production and
destruction reactions, although some abundances can be affected by the properties of the freeze-out
phase after the NSE. According to [163] the 53Mn/55Mn production ratio in SNIa could increase by up
to a factor of two due to nuclear uncertainties. Model uncertainties are of the same order, e.g., the
multi-D simulations of Chandrasekhar mass SNIa by [107] produce 53Mn/55Mn ratios in the range 0.09
to 0.13 and the most recent results from [164] range from 0.06 to 0.13. The 53Mn/55Mn ratio produced
in CCSNe is higher, up to 0.2 [94, 103], however, CCSNe produce a less significant absolute amount of
Mn, due to the type of freeze-out that follows the NSE process. As such they are listed as a minor site
in terms of cosmic abundances in Table 3 (see Fig. 1 of [103]).

3.5 60Fe

Among the inferred abundances of the SLRs in the ESS, that of 60Fe is the most controversial. This is
not only because it represents an analytical challenge, but also because a high 60Fe/56Fe would represent
a smoking gun for stellar nucleosynthesis and specifically for a potential contribution of CCSNe to the
ESS (Sec. 5.1). An extensive review of the data up to 2012 can be found in [165]. Since then, the
situation has not been clarified: the most recent estimates of the initial 60Fe/56Fe ratio range from
10–8 from measurements of bulk meteorites and bulk chondrules using inductively coupled plasma mass
spectrometry (ICP-MS) [36, 166], to 10–7-10–6 from in-situ measurements of high Fe/Ni phases using
secondary-ion mass spectrometry (SIMS) [44, 45]. Crucially, while the former value rules out a CCSN
source, the latter range requires it. There is the possibility that the SIMS analyses are compromised
by stable isotope anomalies in Ni and/or unrecognised mass fractionation effects [167], hence, while the
debate is ongoing, in Table 2 we have recommended the lower value. On the other hand, the debate
related to the half-life of 60Fe can be now considered resolved, with two recent experiments [168, 169]
confirming within uncertainties the half-life of 2.62 Myr presented by [170] and roughly 75% longer than
the previous estimate.

The reason why 60Fe is a clear signature of stellar nucleosynthesis is the fact that its production
requires a chain of double neutron captures (see bottom right panel of Fig. 7). When neutrons are
available, the stable 58Fe suffers a (n,γ) reaction, which produces 59Fe. This isotope is unstable, with a
half-life of 44.5 days. The fact that 59Fe can either decay or capture another neutron to produce 60Fe
results in the possibility of a splitting along the path of neutron captures, i.e., a branching point. To
calculate the fraction of the neutron-capture flux that branches off the main β-decay path at any given
branching point, a branching factor is used and defined as:

fbranch =
pbranch

pbranch + pmain
, (5)

where pbranch and pmain are the probabilities per unit time associated with the nuclear reactions suffered
by the branching point nucleus and leading onto the branch or onto the main path, respectively. The
case of the 59Fe branching point is quite typical, i.e., pmain corresponds to the β− decay rate, and pbranch
corresponds to pn, i.e., the probability per unit time of 59Fe to capture a neutron, so that Eq. 5 becomes:

fbranch =
< σ > vthermalNn

< σ > vthermalNn + λ
, (6)
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where Nn is the neutron density in n/cm3, vthermal is the thermal velocity
√

2kBT/m (kB is Boltzmann

constant, T the temperature and, m the mass), and < σ > is the Maxwellian-averaged neutron-capture
cross section. This is is typically inversely proportional to the velocity, so that < σ > vthermal is
relatively constant. The < σ > values of 59Fe and 60Fe have been determined to be '6 mbarn via
indirect experiments [171] and '24 mbarn via direct experiments [172], respectively, both with only
a mild temperature dependence of the < σ > vthermal. For the probability of producing 60Fe to be
above a few percent, neutron densities above 5 × 109 n/cm3 are required. These are produced via the
22Ne(α,n)25Mg reaction in the He-shell burning regions of relatively massive AGB stars, Super-AGB
stars, and during the pre-CCSN phase (here including also C-shell burning) of massive stars. During
the CCSN blast wave 60Fe is further produced in the same region where 26Al is produced [99, 140]. In
these conditions of very high temperature (above 500 MK), the half-lives of both 59Fe and 60Fe can
decrease significantly [173], affecting the calculation of the branching point and the survival of 60Fe
itself. In the case of AGB stars, 60Fe can be expelled into the surrounding medium by the stellar winds
if it was previously mixed to the stellar surface by dredge-up episodes. Other proposed sites of neutron-
rich nucleosynthesis leading to the production of 60Fe are electron-capture supernovae [174] and carbon
deflagration SNIa [175]. Overall, while some of the nuclear inputs related to the activation of the 59Fe
branching point are still uncertain, it would be difficult to radically change this current production
picture for 60Fe.

As for 26Al, galactic γ-rays indicate significant levels of global 60Fe production in the Galaxy, with
a ratio of the flux originating from 60Fe to that originating from 26Al of 0.15 ± 0.05 [145], and thus an
abundance ratio of 0.55 ± 0.18. Using the 26Al abundance for the ISM derived in Sec. 3.2 and the Solar
System abundance of 56Fe, a 60Fe/56Fe ratio in the ISM from 0.8 to 13 ×10−7 is derived. This is 8 to
130 times higher than the value of 10−8 reported for the ESS in Table 2, which allows for an isolation
time of at least 8 Myr, and would not require an extra source for the ESS abundance of this SLR [166].
If the highest value reported for the ESS of approximately 10−6 [44] is considered instead, no isolation
time would be allowed, and a local source would need to be invoked.

It is useful also to consider the 60Fe abundance relative to the 26Al abundance because the flux ratio
60Fe/26Al is directly determined from γ-rays and thus the 60Fe/26Al abundance ratio in the Galaxy of
approximately 0.55 is better determined than the absolute abundances. In the ESS, the 60Fe/26Al ratio
corresponds to 0.00178 and 0.178, when using 60Fe/56Fe=10−8 and 10−6, respectively, i.e., it is roughly
300 to 3 times lower than the γ-ray ratio. This shows that whichever ESS 60Fe abundance is considered,
the source of 26Al in the ESS, under-produced 60Fe, mildly or strongly, relatively to the Galactic average.
A strong under-production would require complete decoupling of the origin 26Al and of 60Fe in the ESS,
likely excluding CCSNe as potential sources of 26Al in the ESS. A mild under-production could represent
the detailed, specific signature of the particular CCSN sources present at the birth of the Sun.

Finally, we note that on top of the γ-rays, the other independent constraints from Earth, Moon and
CR samples already mentioned in Sec. 2.1 also indicate that significant levels of 60Fe are required to be
produced by CCSNe in the Galaxy. For these cases the 26Al abundance is not available for comparison
of the relative abundances, but may become possible to consider in the future.

3.6 The r-process SLRs: 129I, 244Pu, and 247Cm

The presence of 129I was the first among all SLRs to be revealed in the ESS by excesses in 129Xe [176]
given the relatively easy opportunity to analyse samples poor in the noble gas Xe. The value in the
ESS presented in Table 2 is based on the estimate by [34] given with an uncertainty of 1σ. It is derived
by combining the experimental value from analysis of the Shallowater meteorite given by [177] at 1σ,
with the age of that meteorite (also given at 1σ), compared to the age of CAIs given at 2σ by [14].

The difficulty of determining the initial ESS abundances of 244Pu and 247Cm is that for these nuclei
there are no stable isotopes of the same element. Therefore, 244Pu and 247Cm have to be referenced to
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other elements with similar nucleosynthetic and chemical properties. Conventionally, 244Pu is referenced
to 238U and 247Cm to 235U. However, Pu and Cm are chemically more analogous to the light rare earth
elements than to U.

For 244Pu there exist contradictory data based on two different approaches. The value reported in
Table 2 (given at 1σ as usual in work related to noble gas experiments) is the result of the analysis of
the Xe composition samples of the St Severin ordinary chondrite irradiated with neutrons to induce the
fission of 235U [24]. After this treatment, the composition of Xe in the sample is a mixture of the Xe
produced by the fission of the 244Pu present at its formation, and the fission induced on 235U, together
with a small amount from the spontaneous fission of 238U and some “trapped” xenon. The relative
abundance of the fission components is a function of 244Pu/U. However, the chemistry of St Severin
may not be representative of the bulk ESS as pieces of this meteorite show highly variable U contents
and Th/U ratios. Results from the analysis of Xe in ancient terrestrial zircons from Western Australia
[178] yields data in agreement with this value, but the authors could not rule out fractionation between
Pu and U during magmatic/mineral formation processes. In a different approach, mineral separates
were analysed from the Angra dos Reis angrite meteorite, and 150Nd, an r-process-only isotope of Nd
(a light rare earth element) was used as the reference isotope [23]. In order to obtain the abundance of
244Pu with reference to 238U, which is closer in mass to 244Pu thus providing a ratio better predictable
by r-process models, this must be converted using the Solar System Nd/U ratio 4.57 Ga ago [26].
This results in a value10 of (4.4 ± 1.00) × 10−3 [179, 180], significantly lower than the value given in
Table 2. However, the absolute abundance of Nd was measured separately from the noble gases, and
since angrites are differentiated meteorites the original Pu/U and Pu/Nd ratios may have been modified
during melting. New efforts are ongoing to derive a better estimate of the ESS 244Pu/238U ratio on a
variety of materials [181].

For 247Cm the situation is more favourable than for 244Pu thanks to the discovery of the peculiar
Curious Marie CAI [12]. This CAI is extremely depleted in U, providing an extreme data point in
terms of the Nd/U ratio (see Fig. 2). With this new data [12] it has been possible to derive a clear
isochrone and hence a precise 247Cm/235U ratio. In the original work, the absolute time of the latest
alteration event that depleted the U was unknown, and an age of 10 Myr was applied to derive the
ESS 247Cm/235U ratio. The latest work on Curious Marie [13], however, implies that the alteration
occurred at most 50,000 yr after the formation of the CAI, which we have taken into account in our
recommended ESS 247Cm/235U ratio listed in Table 2, where the error bar is 2σ when assuming that
Cm behaved chemically exactly like Nd.

The half-life of 129I has been relatively well known since experiments in the 1970s, and the rec-
ommended value of 15.7 Myr is in agreement with the I-Xe systematics of chondrules from primitive
meteorites [182, 183]. The half-lives of 244Pu and 247Cm are well known given that these isotopes are
involved in nuclear reactor technology.

From the point of view of nucleosynthesis, the three isotopes considered here are almost exclusively
produced by the r process. The two heaviest belong to the actinide group of elements, with nuclear
charges from 89 to 103 and chemical properties as rare earth elements. The s-process production chain
ends at Pb and Bi (with nuclear charges 82 and 83, respectively), where most of the reaction flow is
trapped at 208Pb and 209Bi because of the small neutron-capture cross sections of these neutron magic
nuclei (approximately 0.3 and 2.6 mbarn, respectively, at 30 keV). The following element on the chain
of neutron captures is Po, with the isotopes 210Po and 211Po unstable against α decay toward 206Pb
and 207Pb [184]. This results in the impossibility of building elements beyond Bi with the s process
and the necessity for these elements to come from the r process. The r-process production of actinides
has been studied in detail [110, 111], also considering nuclear uncertainties. Since there are no solar

10The error here would a combination of statistical and systematic errors from the measurements [23], as well as from
the renormalisation from Nd to U [179].
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abundances for these elements to compare to, the best strategy is to derive the actinide abundances
from model predictions that match the Solar System r-process abundances. The uncertainties in the
yields are large, around one order of magnitude [111], however, the relative isotopic ratios that are
useful to compare to ESS data are somewhat less uncertain. For example, of the 20 models presented
by [111], 18 models present 244Pu/238U ratios between 0.3 and 0.5 and 247Cm/235U ratios in the range
0.2 and 0.4. Only two models have significantly different ratios around 1.3. This indicates that the
absolute production of the actinides are typically correlated to each other when changing the model
parameters.

The case of 129I is different: the reason why the s process cannot produce it is the very short half-life
of 128I. As shown in the middle left panel of Fig. 8, in the presence of neutrons the only stable isotope
of I, 127I captures a neutron to produce 128I. This is unstable with a half-life of 25 minutes, too short
to allow any further neutron captures, at least in s-process conditions. Similarly to the case of 59Fe
discussed above, the case of the 128I branching point is quite typical. Here, λ ∼ 3.4 × 10−4 1/s and
< σ >∼ 1500 mbarn. The branching factor reaches above 1%, 50%, and 90% only when Nn is above
1011, 1012, and 1013 n/cm3, respectively. In general, a branching factor also depends on the temperature
since both λ and < σ > vthermal can have a temperature dependence, and also a density dependence for
λ. In the case of 128I, both λ and < σ > vthermal have a small dependence on the temperature, with a
variation of less than 60% for typical s-process temperatures between 100 and 300 MK [185]11.

The neutron densities required to produce 129I are not achieved in the typical AGB stars that
produce the bulk of the s process in the Galaxy. Consequently, the bulk galactic production of 129I has
been attributed to the r process. Still, in other sites such as CCSNe, neutron “bursts” can occur with
neutron densities up to the values that allow 129I production (Table 3). For accurate predictions in these
cases, the contribution of higher energy levels in 129I to the total neutron-capture cross section should
be considered [187], which may modify the measured cross sections in stellar plasma conditions. These
sites do not produce the bulk of 129I in the Galaxy because there are not enough neutrons released to
convert Fe into heavier elements, but only small numbers of neutrons are released iin total, which allow
some capture by the initial inventory of 127I itself.

Also the reference isotope, 127I, is a major r process product. Thus, in spite of the issues and
problems currently related to the modelling of the r process, both from the stellar site and the nuclear
physics point of view, the 129I/127I ratio produced by the r process is well constrained. This is because
it can be derived on the basis of the r-process residuals method, whereby the r-process component of
the Solar System abundance distribution is obtained by subtracting from the total abundance of each
isotope (derived from meteoritic analysis) the s-process component, which is relatively well known, often
controlled mostly by the neutron-capture cross section of the stable isotope (e.g., [109, 188]). In the
case of the radioactive 129I, its r-process abundance can be simply derived from the r-process residual of
129Xe, since all of the r-process abundance of 129Xe is first produced as 129I. Due to all these advantages,
the 129I/127I ratio represents a textbook case to be used for the derivation of cosmic timescales, as will
be described in more detail in Sec. 4.2. Furthermore, any constraints from it can be cross checked with
those from 244Pu and 247Cm, providing possibly three different independent evaluations of a given time
interval.

11It should be noted that there is a third path of the branching point because 128I can also electron capture into
128Te. This channel however is roughly 20 times less likely than the β−, so we did not consider it in the calculation of
the branching point. However small, the branching factor of 128I in s-process conditions has been carefully investigated
because it affects the accuracy of the s-process contribution to 128Xe, in principle an isotope produced mostly by the
s-process, but with a potential ∼10% p-process contribution [186].
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3.7 The SLRs with an s-process contribution: 107Pd, 182Hf, and 205Pb

The ESS abundance of 182Hf has been relatively well determined for some time, and the value we provide
in Table 2 is in agreement within error bars with the value given by [189]. For 107Pd there are still
problems related to the determination of the age of the iron meteorite on which the 107Pd/108Pd ratio
has been determined with a precision of better than 3% [28]. In Table 2 we have considered the higher
value given by [28] for the initial ratio, which is in agreement with the value of (5.9 ± 2.2) ×10−5 based
on the analysis of carbonaceous chondrites [190]. The case of 205Pb is more problematic because both
the elements involved in the analysis (Pb and Tl) are somewhat volatile and Pb in particular is prone
to contamination so that a mixing line produced by contamination could be incorrectly interpreted as
an isochrone. Furthermore, Tl has only two stable isotopes, which means that it is not possible to
correct directly for possible artificial or natural mass fractionation effects, and it is more difficult also
to recognise potential nucleosynthetic anomalies. To address this problem, for the mass spectrometric
analysis, [191] added an element of similar mass (Pt) in order to infer the instrumental mass fractionation
for Tl. These authors obtained a value for the 205Pb/204Pb ratio in agreement with the previous value
[192], but an order of magnitude higher than that given by the older analysis [193]. The value in Table 2
is that reported by [39] and obtained combining the results of [191] and [192].

From the point of view of stellar production, the galactic abundances of these three nuclei have
significant contributions from the s process. Specifically, 107Pd and 205Pb are produced directly by
neutron-captures onto the stable 106Pd and 204Pb, respectively (top left and bottom right panels of
Fig. 8). On the other hand, production of 182Hf requires the activation of a branching point at 181Hf
(bottom left panel of Fig. 8). The half-life of this nucleus was believed to greatly decrease from roughly
42 days to 30 hours in stellar conditions due to the population of an excited state at 68 keV [185]. In
this case the branching factor leading to the production of 182Hf reaches above 3% only for Nn above 109

n/cm3 and the bulk of the production of 182Hf needs to be attributed to the r process. This was leading
to a strong disagreement in the time intervals derived from 129I and 182Hf and to solve this problem
different components for the r-process were proposed [194], as well as different local sources for 182Hf
[102] (see also [195]). However, according to more recent experimental data [196] such a 68 keV state
in 181Hf does not exist, thus the half-life of 181Hf should not vary greatly with the temperature. In this
case, the branching factor is above 3% already for Nn above 5× 107 n/cm3 and a significant production
of 182Hf occurs in the AGB stars that produce the bulk of the s process in the Galaxy, with 182Hf/180Hf
ratios around 0.15. This removes the issue of the time discordance with 129I [94].

107Pd and 182Hf have significant contributions from both the s and the r process. As in the case
of 129I, their r-process production ratios relative to their reference stable isotope can be derived using
the r-residual method and considering the r-process residuals of their daughter nuclei, 107Ag and 182W,
respectively. Since the r-process residual depends on the s-process contribution to each specific isotope,
the r-process 182Hf/180Hf ratio had to be readjusted after the discovery that 182Hf has a significant s-
process production, which in turn increases the s-process contribution to 182W. On the other hand, 205Pb
is effectively a nucleus produced only by the s process, being shielded from r-process production by 205Tl.
However, this does not mean that its production can exclusively occur in AGB stars: small neutron
bursts in CCSNe and WR stars can also produce this isotope, although these are minor production sites
since there is no conversion of Fe nuclei into Pb. The main problem with the production of 205Pb is that
its electron-capture half-life is predicted to vary by several orders of magnitudes in stellar conditions:
from 17 Myr in terrestrial conditions down to roughly 15 years for temperatures above 50 MK, and also
depending on the density, although this temperature and density dependence is uncertain by an order of
magnitude [197]. This makes it difficult to save 205Pb to be carried to the stellar surface, but production
is still be expected [198]. Finally, we note that in both the cases of 182Hf and of 205Pb, population of
higher energy levels can modify the total neutron-capture cross sections in stellar conditions [187], which
needs to be considered as an additional model uncertainty.
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3.8 The p-process SLRs: 92Nb, 146Sm, and 97,98Tc

The ESS values of both 92Nb and 146Sm are well determined. In the case of 92Nb the value of 92Nb/93Nb
given in Table 2 is derived from rutiles and zircons with well known ages and is in agreement with the
less precise value of [199] from angrites and eucrites. The 146Sm/144Sm value, on the other hand, has
been measured directly in a CAI (Fig. 2), removing previous issues related to the age adjustment.
For 97,98Tc, only upper limits are available. The half-life of 146Sm is poorly determined. A recent
experiment [43] shortened the previous recommended value by approximately 50%, however there is
better agreement with the suite of meteoritic data with different ages (from Pb-Pb dating) when the
older half-life is employed [3]. The half-life of 92Nb appears to be well determined, being the weighted
average of two experiments that produced similar results, in spite of different approaches.

The stellar production of all these isotopes is broadly ascribed to the p process – although a mi-
nor production process for 97Tc is also neutron capture on the relatively abundant 96Ru, followed by
the electron capture decay of 97Ru [97]. Model predictions and the usage of these isotopes as cos-
mochronometers have been discussed in detail by [103]. In summary, 146Sm is most likely produced
by the γ process, although the site is still debated between SNIa [108] and CCSNe, with SNIa being
favoured [200]. The accuracy of the theoretical predictions is hampered for this isotope by the uncertain
148Gd(γ,α)144Sm reaction, which controls the (γ,n)/(γ,α) branching at 148Gd. The current resulting
uncertainty on the 146Sm/144Sm production ratio from SNIa models is a factor of two [108], but owing
to the lack of experimental data it could be even higher, up to one order of magnitude. These nuclear
uncertainties, together with the half-life uncertainty, currently hamper the opportunity of using 146Sm,
the longest lived of the SLRs considered here, as an accurate cosmochronometer.

When considering the lighter p-process isotopes up to Ru, different flavours and sites of p-process
nucleosynthesis need to be considered [200], particularly to explain the relatively high Solar System
abundance of the p-process isotopes of Mo (at masses 92 and 94) and Ru (at masses 96 and 98). In
particular, another source of 92Nb is required in the Galaxy because only considering the γ process in
SNIa results in inconsistent timescales when the other SLR predominantly produced by SNIa, 53Mn, is
also considered [103]. For example, low-mass CCSNe could be a significant cosmic source of 92Nb. In
summary, also the opportunity to use 92Nb as an accurate cosmochronometer is hampered, in this case
by the current large uncertainties related to the modelling of CCSNe. Finally, the upper limits available
for the ESS abundance of 97,98Tc do not allow the use of these SLRs as meaningful chronometers [103].

3.9 126Sn and 135Cs

Establishing and interpreting the ESS initial abundances of 126Sn and 135Cs is challenging for a number of
reasons. Concerning 126Sn, measuring Te isotopic ratios precisely is especially difficult, and compounded
by the fact that given the short half-life of 126Sn we may not expect a large excess signal. The most
recent work [40] reports an upper limit for the 126Sn/124Sn ratio of 3×10−6. Even so, this value is
significant when compared to the stellar production of 126Sn and may be used to rule out nearby stellar
sources. So far, most authors have ascribed the production of 126Sn to the r process in supernovae (see
[201] and references therein), since the branching isotope 125Sn has a half-life of 9.6 days, too short
to allow for significant capture of neutrons in s-process conditions (Fig. 8). However, a non-detection
of 126Sn cannot be used to rule out a nearby CCSN source of SLRs because, as discussed above, the
r process is not believed to occur in standard CCSNe, but rather in NSMs or peculiar CCSNe. The
branching point may still open during neutron burst conditions in CCSNe. In fact, considering the
theoretically calculated < σ > of 125Sn of around 70 mbarn, and the strong temperature dependence of
the half-life [185], which decreases to 2.5 hours at 200 MK, the probability of 125Sn to capture a neutron
is above 10% for neutron densities above 1011 n/cm3, which are possible during a neutron burst. A
detailed analysis of the production of 126Sn in CCSNe also considering the nuclear uncertainties is still
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missing and urgently needed to exploit the new experimental ESS upper limit.

The situation for 135Cs is similar and also open. The difficulty in measuring its initial ESS abundance
is mostly related to the fact that Cs is a volatile element, which does not easily fully condense into
solids. Recently a new approach to the problem was used by [40], who inferred a new upper limit for the
135Cs/133Cs ratio by analysing volatile-depleted material (rather than material in which the radionuclide
should be enhanced, as is usually done), which should show a deficit in 135Ba with respect to the bulk
of Solar System matter, in which 135Cs fully contributed to the abundance of 135Ba. The derived upper
limit is much lower than that previously proposed based on direct measurements of Ba isotopes in
CAIs (e.g., [202]). Similarly to the case of 126Sn, 135Cs is produced by a branching point located at
an isotope, 134Cs, whose T1/2 presents a strong theoretically estimated temperature dependence. It
decreases from 2 years at laboratory temperatures, down to 12 days at 200 MK, due to the population
of levels at 60 and 177 keV in stellar condition. The uncertainty in the evaluation of the rate is of an
order of magnitude [197]. The < σ > of 134Cs is approximately 800 mbarn, as derived from statistical
model calculations aided by the experimentally determined cross section of 135Cs [203]. However, the
population of higher energy levels can modify the total < σ > of 134Cs in stellar conditions by ∼50%
[187]. Using such values, the branching factor for the production of 135Cs is above 10% already for
s-process neutron densities above Nn ∼ 5 × 108 n/cm3. In fact, the activation of the branching point
at 134Cs is required to match the 134Ba/136Ba isotopic ratio in the Solar System, where both 134Ba and
136Ba are isotopes that can be only be produced by the s process [204]. This branching point is also of
interest for the interpretation of Ba isotopic anomalies measured in mainstream stardust silicon carbide
grains (SiC) that originated from AGB stars and show the signature of the s process [138, 205]. Overall,
while the largest contributor to the cosmic abundance of 135Cs is the r-process, in relation to the ESS
we need to consider also the minor potential production sites, both the s-process and the neutron burst
in CCSNe. A detailed analysis also of the related nuclear uncertainties and their impact is still missing
and, again, urgently required to be able to properly interpret the meteoritic data.

4 The galactic chemical evolution of radioactive isotopes

4.1 General models and considerations

The simplest way to compute the evolution of the abundances of radioactive nuclei in the Galaxy is
based on the concept of steady-state equilibrium, for which a simple derivation can be made as follows.
The rate of change in time of the number NSLR of a given radioactive nucleus in the ISM is given by:

dNSLR

dt
= −NSLR/τ +

dPSLR

dt
, (7)

where the first (negative) term represents the decay, with the mean-life τ constant in time, and the
second (positive) term represents the stellar production rate, as stars inject freshly produced radioactive
nuclei into the ISM. This equation is a typical self-regulating equation because the larger the positive
term, the larger the abundance, and the larger the negative term. This means that the abundance
NSLR will converge towards the asymptotic value given by the equilibrium value resulting by setting
dNSLR/dt = 0. How quickly the abundance approaches the asymptotic value depends on the half-life,
e.g., after 4 times the half-life it will be within 5% of the asymptotic value, and after 7 times the half-life,
within less than 1%. In general, for the SLRs considered here it is quite safe to assume that they would
have reached steady-state equilibrium in the Galaxy by the time of the birth of the Sun, TGal, roughly
7 to 9 Gyr after the birth of the Galaxy. The equilibrium value is simply given by equating the two
terms of Eq. 7:
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NSLR =
dPSLR

dt
τ. (8)

To be able to compare to the meteoritic data, however, it is necessary to normalise the abundance
of the SLR to that of its reference stable isotope, Nstable. This is given by the integral of the production
rate of the stable isotope over the whole galactic time TGal before the birth of the Sun. If the production
rate is constant then simply:

Nstable =
dPstable

dt
TGal. (9)

From which follows:

NSLR

Nstable

=
dPSLR/dt

dPstable/dt

τ

TGal

. (10)

In steady-state equilibrium the NSLR/Nstable ratio will steadily decline as time passes, since NSLR is
constant, while Nstable increases with time.

More sophisticated, still analytical, models of the GCE [206] also converge into the steady-state
equilibrium Eq. 10. However, such more accurate description of the evolution of the Galaxy results in
the introduction into the equation of a multiplication term (k+ 1), where k is a free parameter used to
describe infall of primordial gas into the Galaxy, so that the equation becomes:

NSLR

Nstable

= (k + 1)
dPSLR/dt

dPstable/dt

τ

TGal

. (11)

A value of k = 0 implies no infall, a so-called “closed-box” model. However, infall of primordial gas is
required to solve the problem that closed-box models overestimate the number of low-metallicity stars
when compared to the Milky Way [65, 66]. This infall controls the shape and magnitude of the star
formation history. The abundances of stable nuclei accumulate with time, hence they depend on the
integrated stellar mass, while the production of the unstable nuclei is related directly to the local star
formation rate. When allowing more infall by increasing k, the peak of star formation shifts to later
times and the local star formation rate increases by a larger factor than the integrated stellar mass,
which results in an increase of the NSLR/Nstable ratio. Actually, this would result in a factor larger than
(k + 1), however, another effect of increasing k is the reduction of the fraction of stable nuclei locked
inside stellar remnants, which partially counterbalances the first effect. The reason is that with more
infall stable nuclei are diluted with primordial gas, which takes up some of their place inside stars. On
the basis of galactic chemical evolution models, typical values of k are between 2 and 4 (see, e.g., [104]
and references therein).

A more detailed analysis of the analytical GCE models [207] also demonstrates that the k-dependent
factor in Eq. 11 can take more complex forms than the simple (k+1), depending on how the productions
of the SLR and of the reference stable nucleus evolve with time. This depends on whether their
abundances result from primary nucleosynthesis, meaning that they are produced in stars starting from
the initial (Big-Bang origin) H and He abundances only, or from secondary nucleosynthesis, meaning
that their production in stars requires an initial amount of metals, i.e., elements heavier than H and
He. In any case, it should be kept in mind that such analytical approaches only model instantaneous
recycling of material from stars into the ISM, meaning that stellar lifetimes are not accounted for.
Stellar lifetimes contribute to delays, which are important, for example in the case of the products of
SNIa such as Mn and Fe, because these result from the explosion of WDs, the progeny of long-lived
low-mass stars. This applies also in the case of s-process products from low-mass AGB stars. Detailed
models of GCE are required to provide a more accurate description of the evolution of SLRs in the
Galaxy, however, only a few are currently available, and only for a handful of SLRs [108, 140].
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The steady-state NSLR/Nstable ratios in the ISM at the time of the formation of the Sun calculated
with Eq. 11 have been traditionally taken to represent the actual ratios in the ISM material from which
the Sun formed after a given isolation time. However, there is a serious issue with this assumption: the
steady-state ratios are typical ISM ratios averaged over the whole Galaxy by assuming that the stellar
production rates are continuous. On the other hand, the actual ratios in the ISM material from which the
Sun formed were physically produced by discrete additions from stars, to first approximation identical,
but spaced in time. The steady-state approach can be validly applied to compare model predictions to
the integrated amount of 26Al and 60Fe in the Galaxy as obtained by γ-ray observations12. On the other
hand, the granularity of the stellar production events cannot be ignored when considering the SLRs
that ended up specifically in the local region of the galactic disk where the Solar System matter was
built up, since their half-lives can be comparable to the time interval that elapses between the stellar
additions [93, 102]. Effectively, NSLR may not evolve smoothly in time but show large fluctuations,
depending on the relative values of the mean-life τ of the given SLR and the recurrence time δ between
the stellar additions of matter from a given production site. The crucial parameter thus becomes the
ratio τ/δ. Note that this ratio also yields the steady-state value, when multiplied by the abundance
pSLR produced by each single event, since in the case of discrete events δ represents dt in Eq 8.

In this more general case of non-continuous stellar production, the dimensionless factor describing
the temporal evolution of any generic SLR is given by the sum of many terms, each of them representing
one single stellar addition, exponentially decayed from such event until the present time t:

(1 + e−δ/τ + e−2δ/τ + ...+ e−(N−1)δ/τ )× e−(t−Nδ)/τ =
N−1∑
n=0

e−nδ/τ × e−(t−Nδ)/τ =
1− e−(N+1)δ/τ

1− e−δ/τ
× e−(t−Nδ)/τ

(12)
where the term e−(t−Nδ)/τ describes the decay of the abundance from the last event, i.e., the first term
in the sum, equal to unity.

The behaviour of Eq. 12 as function of time for different τ/δ values is illustrated in Fig. 9. When
τ/δ is less than 0.1 the evolution is dominated by peaks representing the discrete stellar additions and
the exponential decay in between the peaks. The memory of all the previous events in this case counts
for less than 10% of the total abundance at the peak points. For τ/δ = 0.5 the memory adds 40%
to the peak abundance. Increasing τ/δ the memory becomes more and more predominant, and the
granularity effect can be accounted for as an uncertainty around the steady-state value. The higher the
steady-state factor (τ/δ), the smaller (relatively) becomes the fluctuation around it due to granularity.
E.g., for τ/δ = 5 the steady-state factor is 5 ± 1, i.e., the relative error bar due to granularity is 20%,
for τ/δ = 10, the value is 10± 1 and the relative error is only 10%. In other words, when τ/δ is greater
than 10, the abundance can be approximated by the steady-state value within 10%.

While the values of τ are relatively well known, with the exceptions discussed in Sec. 3, the values of
δ corresponding to each type of nucleosynthetic event that produced the SLRs are poorly known. They
can be estimated based on first principle, for example considering how much galactic mass, or volume, is
swept by each event, relative to the active star formation area of the galactic disk, and considering the
rate in time of the given event in the whole Galaxy. Using this “snowplow” approach, Meyer & Clayton
[102] (see their Section 7) estimated, for example the value of δ for CCSNe to be 5-10 Myr. Following
the same reasoning as Meyer & Clayton, for the typical s-process events contributing to the cosmic
abundances of the s-process elements, i.e., from AGB stars of initial mass between roughly 2 and 4 M�,

12For sake of clarity, we note that the ratio of the 60Fe/26Al fluxes dNSLR/dt measured via the γ-ray observatories to
be ∼0.15 [208] needs to be multiplied by τ(60)/τ(26) to obtain the observed abundances (Eq. 1), that can be compared to
steady-state equilibrium abundances. On the other hand, the flux ratio can be directly compared to the corresponding ratio
of stellar yields (after converting them from mass MA to number NA for any SLR of atomic mass A via NA = MA/A). This
is because the stellar yields also need to be multiplied by τ(60)/τ(26) to obtain the steady-state equilibrium abundances
(Eq. 8).
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one can derive δ ≈ 50 Myr. The rate of these AGB events in the Galaxy is higher than that of CCSNe,
due to the initial stellar mass function, which favours lower over higher masses, however, δ is higher
for AGB stars than for CCSNe because the slower AGB wind and smaller ejected mass result in the
sweeping of a smaller volume of the galactic disk. For NSMs, the potential r-process nucleosynthetic
events, the velocity is higher but the total mass of the ejecta is lower compared to CCSNe. These
effects may balance each other resulting in the same kinetic energy. The event rate is very uncertain,
100-10,000 times lower than the 1-2×104 Myr−1 rate for CCSNe, i.e., approximately 1 to 200 Myr−1 for
NSMs (see discussion in [209]), which covers the rate derived from observation of pulsars in the Milky
Way of ∼20 Myr−1 with large uncertainties [210], Consequently, the value of δ is also very uncertain,
likely > 500 Myr.

Hotokezaka et al. [62] used an approach based on diffusion instead of snowplowing (see their Eq. 2)
and derived average δ values of roughly 100 Myr for hypothetical r-process events with a galactic rate
of 300 Myr−1, and of roughly 500 Myr for r-process events with a galactic rate of 5 Myr−1. From
analysis of 244Pu in the ESS and in terrestrial samples they concluded that events with the lower rate
are favoured. In this framework, a galactic rate for CCSNe of 20,000 Myr−1 would translate into a δ
of roughly 30 Myr, assuming the same mixing length parameter as for the diffusion into the ISM of
material from a NSM event.

Clearly, better determinations of the values of δ are required from detailed models of GCE, stellar
populations and of the dispersion of stellar ejecta in the Galaxy, and individual assessments need to be
performed for each SLR. Nevertheless, it is clear that for many of the SLR cases considered here τ/δ is
likely to be less than unity and the effect resulting from the granularity of the stellar events will need
to be considered carefully.

Following from the discussion above, the actual abundance of a given SLR in the ISM material from
which the Sun formed can be better described by the following equation, which represents the SLR
abundance just after the last stellar addition:

NSLR ∝ pSLR

(
1 +

∞∑
i=1

e−iδ/τ
)

= pSLR

(
1 +

1

eδ/τ − 1

)
, (13)

where pSLR is the abundance produced by each single event, 1 represents the last event, and the expo-
nential term represent the memory of all the previous additions. This formula is more general than the
steady-state equation, and includes it in the limit τ/δ >> 1, where the steady-state equation can be
recovered by expanding eδ/τ into a polynomial series. For the opposite limit, τ/δ << 1, the memory
term goes to zero, and the abundance is simply proportional to how much is produced by the single last
event. Note that there is not an equal sign but a proportionality sign in the equation above because
it does not include the dilution factor representing the distance from the stellar source to the presolar
matter. This dilution can be easily factorised by normalising the formula to the abundance of the stable
isotope of reference, if it is produced by the same stellar site:

Nstable ∝ pstable
Tgal

δ
, (14)

where pstable is the abundance produced by each single event (the same type of event that produces the
SLRs), and TGal/δ the total number of events over the age of the Galaxy before the formation of the
Solar System. Combining Eqs. 13 and 14, we obtain:

NSLR

Nstable

= K × pSLR

pstable

× δ

TGal

×
(

1 +
1

eδ/τ − 1

)
. (15)

Here we have added a parameter K ≥ 1 representing the potential effects of infall of primordial gas
described above in relation to the calculation of the steady-state abundance ratio.
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In summary, Eq. 15 contains two free parameters: K and δ. Both need to be assessed using detailed
models of GCE and stellar populations. Lugaro et al. [103] attempted at deriving such parameters
based on the comparison of the values derived from Eq. 15 to those derived from the full GCE model
of Travaglio et al. [108] for the four p-process nuclei 97,98Tc, 146Sm, and 92Nb, assuming that they are
exclusively produced by SNIa. With four values to match and two free parameters the system in this
case is over-determined and self-consistent results were obtained using δ = 8 Myr and K = 2. However,
this approach has the intrinsic problem of equating the results from an equation that takes granularity
into account to the results of a GCE model that does not. In fact, the derived δ = 8 Myr may be too
short for the recurrence time of SNIa, since they represent roughly 20% of all supernovae. Overall, much
future work is required to assess which NSLR/Nstable ratios better represent the galactic contribution to
the SLRs in the matter that made up the ESS, as well as most importantly which uncertainties are
produced by the granularity effect.

4.2 Deriving timescales

The reason why it is crucial to derive the NSLR/Nstable ratios in the galactic parcel of matter that ended
up in the stellar nursery where the Sun was born is that by comparing them to those measured in CAIs
and other meteoritic materials, using Eq. 1 we can derive an estimate of the isolation time, Tisolation.
This time was defined in Sec 2.3 as the time interval just prior to the formation of the Sun during which
the abundance of the SLR (NSLR) was affected by radioactive decay only. This is an implication of the
fact that in (G)MCs matter is colder and denser than in the ISM medium preventing mixing between
the two (within a ∼ 100 Myr timescale, [211]). The isolation refers to the fact that as mixing was
prevented, further stellar additions from the galactic background to the MC where the Sun was born
were also prevented.

One example of the application of such methodology is shown in Fig. 10, where the steady-state
NSLR/Nstable ratio were used to derive the reported time intervals. From results as shown there it was
concluded early on that the isolation times derived from several SLRs were inconsistent with each other.
Specifically, the most short-lived nuclei such as 26Al and 41Ca would not survive for the isolation times
of the order of Myr derived from less short-lived nuclei like 129I and 182Hf. Figure 10 also shows the case
when the concept of isolation time is somewhat relaxed by considering slow mixing (with a timescale
of the order of 100 Myr) between the warmer ISM and the colder molecular clouds. This moves the
lines somewhat upwards in the plot but does not change the general conclusions significantly: roughly,
the ESS abundances of the SLR nuclei with T1/2 > 5 Myr appear to be qualitatively compatible with
the decay of their ISM abundances, while those with the shorter half-lives (41Ca, 36Cl, 26Al) are much
higher than expected. This calls for sources of, e.g., 26Al much closer in time to the birth of the Sun, as
it will be discussed in detail in Sec. 5. Furthermore, important inconsistencies were also present among
the less short-lived nuclei themselves, in particular the isolation time derived from 129I was much longer
than that derived from 182Hf. Multiple r processes and/or different local sources for 182Hf were invoked
until, as discussed in Sec. 3.7, it was realised that 182Hf is also produced by the s process in AGB stars.

In the more general framework of Eq. 15, rather than the steady-state equilibrium assumption,
depending on the value of τ/δ we can in principle provide an estimate for the isolation time only when
τ/δ > 3, with error bars that decrease as τ/δ increases (Fig. 9). Alternatively, for any value of τ/δ we
can resort instead to estimate the time of the last stellar event that contributed a given SLR and its
reference isotope to the Solar System matter (TLE). Clearly, the time of a last event represents an upper
limit for the isolation time; more precisely, the isolation time cannot be smaller than the time from the
last event minus δ. This procedure was used by [94, 103] and an updated summary of the results is
shown in Figs. 11 and 12. A range of δ values between 10 and 100 Myr is considered there, except for
the r-process event with δ between 500 and 1000 Myr. For K, a range of values between 1 and 5 were
employed, and the error bars in the ESS ratios from Table 2 were taken into account. Only in the case
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of 244Pu two values, 4 ×10−3 and 7 ×10−3 were tested in Fig 12. Typically, the higher the values of δ
or K, the longer the timescale, because the value of NSLR/Nstable from Eq. 15 increases in comparison
with the ESS ratio. Clearly better estimates of δ and K are required to improve this analysis, although
Fig. 11 already demonstrates that to obtain concordant time estimates for the r-process and the s-
process events the lowest values of K and δ are favoured. This is because the longer the half-life, the
steeper the dependency with K and δ, and the more the lines corresponding to the different isotopes
diverge. We also stress that the stellar production ratios were kept constant (to the specific values
reported below), however, these suffer from nuclear and stellar physics uncertainties and could show
some variations from event to event, all of which will need to be included for a more complete evaluation
of the total uncertainties on the various TLE. On top of the SLRs considered in Fig. 12, other SLRs
may be used to build up the time line of the prehistory of the Sun including 60Fe, 205Pb, and 97,98Tc.
The shorter-lived, from 135Cs to 41Ca, will also need to be checked in this framework, for consistency.

The relatively most solid results are obtained for the last s-process event, a C-rich AGB star13 of
initial mass between 2 and 4 M�, for which 107Pd and 182Hf provide a possible range of intervals in rela-
tively good agreement with each other, for any given values of K and δ. The stellar production factors
were taken as typical for the s-process: 0.14 and 0.15 for 107Pd/108Pd and 182Hf/180Hf, respectively [94].

The last r process event clearly occurred before the last s-process event, as demonstrated by the
analysis of 129I. Although a more detailed statistical analysis of the probability of this specific sequence
of events needs to be performed (and may be hampered by our current poor knowledge of the value
of δ), the result appears to be consistent with the discussion above that NSMs, the most likely r-
process production sites are rarer events in the Galaxy than the s-process AGB stars in the mass range
considered here. The r-process production ratio 129I/127I is well defined by the r-process residuals of
129Xe and 127I and set to 1.35. On the other hand, the r-process production ratios for the two actinides
cannot be constrained by the r-residual method and are more strongly model dependent [111]. Here, we
used 0.3 and 0.4 for the 247Cm/235U and the 244Pu/238U ratio, respectively [111]. Concordance between
the two actinides is achieved at the lower limit of the time interval (around 170 Myr), i.e., for values
of K and δ at the low end of the adopted ranges. Applying the same values to the 129I/127I ratio
result in a lower time interval of 143 Myr, instead. Concordance could be obtained when using a 22%
longer half-life for 129I, which has been reported in [212], but is in potential disagreement with current
meteoritic data [183]. It may also be possible that the r-process source of 129I is not the same as that
of the actinides; some old halo stars present a so-called “actinide-boost”, i.e., they are characterised by
anomalously high Th/Eu abundance ratios [213–216]. Clearly, more investigation is needed.

Further, we consider the production of 53Mn from SNIa, with a production ratio 53Mn/55Mn of
0.108 [107]. The derived range in this case is between 15 and 36 My, however, because 53Mn can also be
produced by CCSNe within the stellar nursery of the Sun, it is only possible to give a lower limit for this
last event because we may need to add to the NSLR/Nstable ratio from GCE also a contribution of these
sources within the (G)MC. Note that this is not the case for the s- and r-process isotopes discussed
above, because their sources are all long-lived (∼Gyr) and/or rare stellar objects not expected to be
present in shorter-lived (∼Myr) stellar nurseries.

The case of 146Sm was considered carefully by [108] and assumed in that work and here to be
produced by the γ-process in SNIa. Due to its long half-life, this SLR is the closest to potentially
providing us with a direct estimate of the isolation time. The corresponding τ/δ values for the range
of δ considered in Fig. 10 are between 1, in which case granularity would give a maximum error of 50%
and 14. Using the upper limit of the estimate of the NSLR/Nstable ratio from full GCE models at the
time when the Sun was born of 0.01667 [108], the resulting upper limit for Tisolation is 224 Myr or 112
Myr (the latter shown in Fig. 10), using the longer or the shorter possible half-lives, respectively. The

13C-rich AGB stars have C>O at their surface due to mixing of material that suffered partial He burning in the deep
layers of the star, where also the s-process occurs. Models predict that the AGB stars that produce the bulk of s-process
material in the Galaxy are also C-rich.
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lower limit of the NSLR/Nstable ratio of 7× 10−3, on the other hand, is below the ratio observed in ESS.
This constrain is weak due to the several nuclear physics uncertainties related to both the half-life of
this nucleus and its production via the γ-process.

Finally, [108] and [103] also considered 92Nb, however we do not include constraints from this nucleus
here because its production is still very uncertain. In summary, considering production of 92Nb in SNIa
results in time intervals shorter than those derived from 53Mn. This indicates that another source
of 92Nb exists in the Galaxy in agreement with the analysis of stable isotopes [200]. The models by
Pignatari et al. [217] considered in [103] found a possible source of 92Nb in low-mass CCSNe thanks
to the α-rich freeze-out. However, the stellar uncertainties related to this possibility are very large and
other processes may also play a role.

5 The circumstances of the birth of the Sun

Perhaps surprisingly, while we have a good general knowledge of the Sun and of the Solar System, we
do not have any consensus on the type of stellar nursery and the circumstances in which it was born.
A large variety of possibilities and scenarios have been proposed. They are reviewed below in relation
to the information derived from SLRs. The role of radionuclides in inferring the circumstances and the
environment of the birth of the Sun is twofold: as described in the previous section, information derived
from the relatively longer lived (T1/2 > 5 Myr) SLRs can allow us to set clocks for the isolation time
or the time elapsed between the last nucleosynthetic event and the formation of the Sun. These, in
turn, represent precious information on the lifetime of the molecular cloud where the Sun was born. No
other means currently exist to derive such information. As mentioned in Sec. 2.3, current observations
show that such regions in the Milky Way can live from a few to a few tens of Myr [72, 73]. Lifetimes of
20-30 Myr have been derived from observations of MCs in the Large Magellanic Cloud [218] and in the
galaxy M51 [219]. In the nearby galaxy M33 estimates range from 20-40 Myr [220] to 14 Myr [221].

The shortest lived isotopes considered here (T1/2 < 2 Myr) most likely did not survive significantly
throughout the isolation time. This means that a high abundance of them is the fingerprint of events that
occurred much closer in time to the birth of the Sun. Of special interest are SLRs with “intermediate”
half-lives, 2 Myr < T1/2 < 5 Myr, among which are 53Mn and 60Fe. They may need to be considered
both as clocks and as fingerprints. In the case of the currently much discussed 60Fe, its role depends
on the difficult determination of its ESS value. As discussed in Sec. 3.5, the lowest reported values of
60Fe/56Fe (∼ 10−8) can be explained by the decay of the 60Fe abundance observed in the ISM via γ-ray
astronomy, in which case 60Fe would act as a clock [166], instead, the highest reported values (∼ 10−7

- 10−6) would require an extra source, in which case 60Fe would act as fingerprint.
A vast amount of literature in the past 40 years has been devoted to trying to solve the puzzle of

short-lived radioactivity in the ESS. To simplify the complexity of the problem it is useful to separate
it into three different questions:

Q1 Which stellar sources produce the SLRs in the proportion needed to reproduce their observed ESS
abundances?

Q2 Which physical mechanisms allowed such nuclei to be effectively incorporated into the first solids
(CAIs, etc) that formed in the ESS?

Q3 Which scenarios provide a plausible environment for the birth of the Sun?

While most authors have focused on one or two of these questions, clearly a final answer to the origin
of SLRs in the ESS is possible only if all three points are satisfied. To answer the first question the
accuracy and precision of the ESS analytical data must be considered carefully against the uncertainties
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related to the production of SLRs in stars, coming both from nuclear and stellar physics. Furthermore,
the contribution discussed above from the GCE to each SLR needs to be accurately established, since
only what cannot be explained via the workings of GCE should be attributed to specific events related
to the circumstances of the birth of the Sun. In general, as mentioned above, the origin of SLR nuclei
with roughly T1/2 > 5 Myr is dominated by the decay of their abundances in the ISM produced by
GCE. However, if the local stellar source invoked to produce the SLRs with shorter life times, e.g. 26Al,
also produces some of the longer living SLRs, then the two components need to be added up. This is
particularly relevant for the SLRs with intermediate half-lives mentioned above such as 53Mn and 60Fe.
The timing of the pollution – injection into the protosolar cloud or into the already formed disk – and
the form in which the nuclei were transported and incorporated (gas or dust) are relevant to answering
the second question. For the third, scenarios for the circumstances of the birth of the Sun need to be
considered within the currently established framework for star formation. The likelihood of any such
proposed scenario (in terms of probability) also needs to be investigated. Moreover, there are external,
independent constraints that should be considered for all three questions. For example, in relation to
Q1, the processes that produce SLRs in stars must also be able to explain observations of such nuclei
in the Galaxy, on Earth, and in meteoritic stardust grains. In relation to Q2, considering dust as the
carriers of SLRs from a given source must be examined in relation to direct observations and theories
of the production of such dust. Finally, an answer to Q3 must also account for other properties specific
to the Solar System, for example, the stability of the planetary orbits [222], the fact that the disk is
truncated at 30 AU [223], and even its observed spin-orbit misalignment [224].

In the following three sections we summarise past and current attempts at answering the three
questions above, their pros and cons, and their implications. We present them in such a structured way
for sake of clarity. In reality, however, the three questions also provide constraints to each other and it
is always necessary to keep in mind the links between them.

5.1 The stellar sources

A simple but quick, effective method to test stellar sources against Q1 is to consider by which factor f
the stellar yield of a given SLR (M?

SLR) needs to be diluted to match its abundance in mass observed
in the ESS (MESS

SLR). In other words, which fraction of the total mass of the SLR ejected from the star
we need to embed into the presolar material:

f =
MESS

SLR

M?
SLR

. (16)

For example, in the case of 26Al, we can consider the value of the 26Al/27Al ratio from Table 2 and
the mass fraction of 27Al in the Solar System of 6.22 × 10−5 [26]. If we assume that the mass of the
ESS to be polluted is 1 M�, then this 27Al mass fraction corresponds also to its total ESS mass, and
MESS

26Al = 3.1× 10−9 M� in total was present in the ESS. Typical values of f needed to match this ESS
abundance of 26Al are of the order of 10−3-10−5, since M?

26Al is in the range 10−4-10−6 M�(see, e.g.,
[94]). This simple formulation assumes that no contribution from GCE is already present, which may
be correct for 26Al, but probably not for, e.g., 60Fe or 55Mn.

Clearly, a stellar source is a good candidate polluter only if f is the same for all the SLRs under
consideration, in which case f corresponds to the overall dilution factor for the whole stellar ejecta:
MESS

injected/M
?
total, where MESS

injected is the mass from the stellar source added to the ESS and M?
total the

total mass ejected from the stellar source. At this point, however, we cannot attribute a true physical
meaning to the absolute value of f derived from Eq. 16, because such a value is meaningful only when
considered in comparison to the value derived for different SLRs. For example, as will be discussed in
the next section, the value of MESS

SLR assumes a given mass for the ESS. This assumption depends on the
scenario considered, 1 M� may be reasonable, for example, in case the protosolar cloud is polluted –
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although it probably represents a lower limit since young stellar objects may lose up to half the initial
mass of the collapsing cloud via jets. On the other hand, if we consider a scenario where the protosolar
disk is polluted, much lower ESS masses should be considered down to 0.01 M�, depending on the
evolutionary phase of the disk. In this case, for example, MESS

26Al would decrease accordingly by a factor
of 100 with respect to the value given above, to 3.1 × 10−11, and the value of f will also decrease to
10−5-10−7. In any case, we stress that for the purpose of answering Q1 the absolute value of f is not
relevant because the aim here is to match the relative proportions of the SLRs considered. The absolute
value of f is important for Q2 because it needs to be compared to the value derived from the physical
pollution process: which depends on the distance from the stellar source and the injection efficiency
(Sec. 5.2).

The approach of Eq. 16 represents an oversimplification of the scenario of a single nearby stellar
polluter also because it usually considers total stellar yields, i.e., it assumes that the distribution of the
SLRs is homogeneous in the ejecta, and it does not account for differences in condensation properties
of the different SLRs, which may be relevant in relation to possible differences between gas and dust
accretion (Sec. 5.2). Still, it is a powerful tool in that it allows to give a quick, quantitative general
answer to the question if a given source produces the SLR abundances in the relative distribution
required to match the meteoritic data, and to identify problems that may be present.

Two further issues need to be noted. A potential time delay ∆t between the time the SLR is ejected
by the stellar source and its incorporation into the first solids is not included Eq. 16. Such a time
interval has usually been considered also in the simple analysis above [80, 93, 94]. To do that, the
number of SLR nuclei derived after a given dilution f is applied needs to be multiplied by a factor
e−∆t/τ , where ∆t represents a second parameter, after f . However, since usually the analysis is applied
to more than two SLRs, the system is still over-determined. In general, it is found that the value of ∆t
is around 1 Myr and is controlled by the shortest-lived SLR under consideration, i.e., 41Ca, and that it
does not greatly affect the abundances of the other SLRs.

An example of the exercise described above can be found in Fig. 13, where the yields from a typical
massive AGB star (of 6 M�, initially) and two CCSNe (of masses 15 and 25 M�, initially) are compared
to the ESS ratios. As discussed in Sec. 3.2, stars of masses below roughly 6 M� have difficulties
producing enough 26Al, at the same time they supply too large amounts of the s-process isotopes of
the elements heavier the Fe [96]. We thus do not consider low-mass AGB stars further, also due to
the additional difficulty in envisaging a scenario to answer Q3, i.e. how low-mass AGB could have
contributed to the composition of the Sun at its birth. The reason is that these stars are very long lived
(∼ 1 Gyr) and are not expected to be associated with star-forming regions [225].

More massive AGB and Super-AGB stars of mass above 6 M� live much shorter lives (< 50 Myr)
and could be envisaged to have been present or have contributed to the composition of the early
Solar System [80, 95, 96]. These stars produce copious amounts of 26Al thanks to the proton captures
occurring at the base of the convective envelope (see Sec. 3.2). Production of all the other SLRs is due
to neutron captures and is linked to the dredge-up episodes that carry material into the envelope from
the deep He-rich layer, where neutron-capture processes can occur. In the top panel of Fig. 13 we show
a typical example for which a self-consistent solution could be found for a number of SLRs, except that
the abundance of 36Cl is too low, no 53Mn is produced in these stars, and the 60Fe/56Fe is more than
two orders of magnitude higher than the currently recommended value around 10−8 [96], or a factor of
4 higher than the highest observed values. Similar results can be found for Super-AGB stars of initial
masses between 6 and 9 M� [80]. However, it should be noted that the efficiency of the dredge-up
episodes is one of the main uncertainties in AGB models. For example, if these stars did not experience
any dredge-up, no SLRs would be ejected by their winds, except for 26Al, which is produced directly in
the envelope. In this case, it may be plausible to attribute the origin of the other SLRs either to the
effect of GCE and/or to local in situ non-thermal nucleosynthesis together with the Be isotopes.

The middle and bottom panels of Fig. 13 present the same dilution exercise for two typical CCSNe.
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As first proposed by [123], many authors still consider a nearby CCSN as one of the most promising
candidates to have injected the SLR nuclei into the protosolar molecular cloud [226–228], or into the
already formed protoplanetary disk [229]. Inferences on and dynamical simulations of the birth en-
vironment of the Sun are mostly based on this scenario [230–232]. However, as outlined by several
authors [93] and as seen in Fig. 13, many problems are related to the nearby CCSN scenario in terms
of abundances. The two features that stand out most in this case are the overproduction of 53Mn and
of 60Fe. 53Mn is roughly three orders of magnitude higher than the value observed, 60Fe between one
and three orders of magnitude higher, depending on the choice of the ESS value. This are old-standing
problems for CCSNe as candidate sources, and a number of CCSN models have been presented that
attempt to resolve them [100]. One possible traditional solution, at least to the 53Mn overproduction,
is the idea that the inner part of the CCSN ejecta rich in 53Mn was not incorporated into the ESS,
possibly because of extensive fallback of matter onto the CCSN remnant. For this to work it is also
required that no significant mixing occurs between the inner and the outer ejecta prior to the fallback,
i.e., 53Mn is not carried to the outer layers. Reducing the amount of 53Mn via a stronger fallback also
reduces the amount of 56Ni, produced in the same region as 53Mn, below the value observed in typical
CCSNe via its radioactive decay that powers their light curves. In this case, the CCSN that polluted
the ESS would have been somewhat fainter than a typical CCSN, which adds to the problem of the
low probability for such an event, as discussed in Sec. 5.3. Alternatively, it could be considered that
the SLRs are required to be in the form of dust in order to be trapped by the protosolar disk and that
matter from the CCSN inner layers does not condense into dust grains14. Another possible scenario
to be investigated is the case of asymmetric CCSN ejecta, potentially powered by different explosion
energies. The ESS may have collected the ejecta only from a given direction, with a specific isotopic
composition, rather than the bulk average of the CCSN. That CCSNe are asymmetric is demonstrated
by observational evidence [233] and has been invoked to explain the composition of meteoritic silicon
carbide (SiC) stardust of population X [152]. The effect on the production of 26Al, 56Fe, and 53Mn has
not been investigated yet, however, it may prove difficult to decouple the production of 26Al and 60Fe,
which are both produced in the more external layers of the CCSNe with respect to 53Mn [99, 140].

No models of CCSNe have been proposed yet that can avoid overproduction of 60Fe relative to the
value recommended in Table 2. Furthermore, as discussed in Sec. 3.5, the 60Fe/26Al ratio calculated for
the ESS is approximately 0.2 - 0.002, while the value derived from the γ-ray flux ratio is ∼0.55, three
times to more than two orders of magnitudes higher than observed in the ESS. Consequently, even the
CCSN models that can provide a match to the γ-ray observations [99] naturally result in overproduction
of 60Fe when compared to the ESS [234]. Note that most CCSN models produce 60Fe/26Al abundance
ratios of the order of 3, i.e., 6 times higher than that derived from γ-ray flux (see, e.g. [235]), although
recent detailed CCSN models predict values around 1.3, i.e., a discrepancy with the γ-ray data of less
than factor of 3 [236].

Due to the various difficulties for CCSNe in producing the abundances of SLRs in the proportion
required to match the ESS values, and mostly due to the potentially prickling issue of the overproduction
of 60Fe relatively to 26Al, several authors [237–239] have turned their attention to the pre-supernova
phase of massive stars, in particular to the winds that can be significantly present already during the
main sequence phase of WR stars (Sec. 2.2), These appear to be able carry a number of SLRs, including
26Al, as well as some amounts of other SLRs such as 36Cl, 41Ca, 107Pd, and 205Pb, without producing
any 53Mn, which is a typical explosion product, nor overproducing 60Fe [97, 98]. The reason is that
the neutron density in these stars is not high enough to efficiently activate the 59Fe branching point
described in Sec. 3.5.

Figure 14 shows an example of the simple dilution model as applied to the winds of a 40 M� star

14However, meteoritic silicon carbide grains of population X (SiC-X) from CCSNe carry excesses in 44Ca, the daughter
of radioactive 44Ti (T1/2=60 yr) produced in the inner layers of CCSNe.
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[97]. The dilution in that study was set so that the 107Pd/108Pd ratio recommended at the time was
matched. Assuming that the ESS abundance of 107Pd is a product of GCE (Fig. 12) would relax this
constraint and potentially allow a lower value for the dilution factor, leading to an overall increase
of the ratios plotted in Fig. 14, and the possibility to obtain the 26Al/27Al canonical value. Further
reports of 26Al production in WR stars in relation to its ESS abundance can be found in [238, 240].
To our knowledge, following the rotating models presented by [98], which do not change the picture
substantially, there have been no more recent investigations dedicated to analysing the production of
the other SLRs on top of 26Al in these stars in the light of the simple dilution model described above,
in particular, not for the new ESS recommended values and with nuclear and stellar physics updates.
Such a study is clearly urgently required. Furthermore, it has become evident in recent years that
most massive stars experience binary interaction at some point in their life [241]. Such an interaction
might, for example, result in winds during the pre-supernova phase even in the case of stars of lower
masses than in the standard single WR-star scenario. Consequently, it is also urgent to investigate the
production of SLRs by binary massive star systems.

5.2 The injection mechanism

Proceeding from the simple model illustrated above, in relation to the injection mechanism the physical
meaning of the dilution factor f effectively includes two aspects: the first is the distance from the
source, i.e., the geometric dilution fd, the second is the injection efficiency finj, which varies from 0 to
1, and represents the fact that it may not be possible to trap all the available, incoming stellar ejecta
into the ESS, depending on the element and the injection mechanism. Ultimately, the final aim of a
concerted effort to answer Q1 and Q2 should result in the same value of f calculated as f = fd × finj

and as by Eq. 16.
Let us first consider the geometric factor only. In relation to the distance the fraction of stellar mass

that intercepts the protosolar nebula or disk relative to the total amount of mass ejected is represented
by:

fd =
AESS

Asphere

=
r2

ESS

4d2
(17)

where AESS = πr2
ESS is the area covered by the ESS material, i.e., the protosolar nebula or disk of radius

rESS and Asphere = 4πd2 is the area of the surface of the sphere covered by the stellar ejecta at the
distance d between the star and the protosolar nebula or disk.

In the simple case when f = fd, the distance d can be calculated, by combining Eq. 16 and 17, as:

d2 =
r2

ESS ×M?
SLR

4×MESS
SLR

. (18)

The final value of the distance depends not only on the specific stellar source considered, which
controls the value of M?

SLR, but also on the particular scenario considered, which controls the values
of rESS and MESS

SLR. Depending on the timing of the injection, the value of rESS can vary from, e.g.,
0.5 pc, when considering a diffuse protosolar nebula, down to 0.0005 pc (100 AU), when considering a
protosolar disk instead. Also, as discussed in the previous section, MESS can vary from twice the mass
of the Sun, down to 0.01 - 0.5 M�, when considering the disk. Because d follows rESS and the square
root of MESS, the dependency on rESS is stronger.

For example, when considering pollution by a CCSN that produces a typical total mass of 26Al
' 5 × 10−5 M�, MESS = 0.01 M�, and a disk of typical radius 100 AU, distances required are of the
order of 0.3 pc. We recall that in this case the mass of 26Al in the ESS is 3.1 × 10−11 M�, i.e. 100
times less than reported at the start of Sec. 5.1 given that the mass of the ESS to be polluted is 100
times smaller. If instead we imagine pollution of a more dispersed cloud of radius 0.1 pc and mass 1
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M�, inferred distances are of the order of 6 pc. This difference has an impact on the scenarios to be
considered, as well as on the consideration that a too close CCSN may disperse the nebula or destroy
the disk.

The whole picture of the significance of f must also incorporate the effect of the injection efficiency.
In simple words, finj represents the difficulty of mixing hot, energetic matter coming from the stellar
source (the energy depending on the speed of the winds or the supernova ejecta) into the cold protosolar
cloud, or the relatively dense disk. Furthermore, if the material was incorporated in the form of
dust, chemical fractionation of different elements (and hence different injection efficiencies) could result
depending on the likelihood of a given element to be incorporated into dust grains. Many of the SLRs
considered here belong to relatively refractory elements and one could assume in first approximation
that there should not be huge variations in the injection efficiency for different elements. However,
when considering rather volatile or moderately volatile elements such as I, Cl, Pb, Sn, Cs (as well as
O) the injection efficiency could be different.

In general, two types of injection mechanisms have been investigated. The original idea was the
triggering the formation of the Solar System by the interaction of the cold molecular cloud with hot
supernova ejecta (early injection) [123]. This idea has been investigated in much detail in relation to
supernova ejecta as well as WR-star and AGB winds [226, 227, 242–247] in order to derive if it is
possible to inject material from stellar, hot ejecta into the cold molecular cloud. The injection efficiency
has been calculated via detailed hydrodynamical models, which can also predict the potential cloud
disruption. Generally, it has been found that is possible for a nearby CCSN to trigger the collapse of
the cloud and at the same time inject enough SRLs to account for their ESS abundances. For example,
[246] reports an injection efficiency of up to 0.1. In the same category of early injection can also be
considered the scenario proposed by [115], where the bow shock shell of a runaway WR star allows the
injection of the SLRs present in the winds, with the following supernova ejecta as the possible collapse
triggering factor. The scenario proposed by [238, 240] also invokes the winds of a massive WR star
as the origin of 26Al but assumes that the formation of the Sun takes place in the gas belonging to
the dense shell compacted by such winds. The shell would be enriched by these winds in SLRs to the
required levels if the injection efficiency was at least 1%.

The other type of scenario envisaged instead considers a late injection of stellar material directly
in the already formed disk [229]. This scenario is based on observations of protostars located on the
edges of bubbles generated by the UV radiation from massive stars, which will subsequently explode as
CCSNe and pollute the disk. For the injection of SLRs from the CCSN ejecta material into the disk to
be efficient, the atoms must be trapped into dust grains large enough (' µm) to be captured by the disk
[223, 248–251]. Discussion on this idea is also related to the problem mentioned above (Sec. 3.2) that
we do not observe variations in the O isotopic ratios between, e.g., CAI and micro-corundum grains
that are rich in 26Al and those that are poor in 26Al. This means that in the first approximation given
by the simple dilution models described above, the O isotopic ratios before and after mixing should not
be altered to an observable level. All stars from the massive, Super-AGB to the CCSNe discussed above
have problems with matching this constraint within the late injection scenario [79, 80, 252]. A possible
way to solve this issue is that O and Al have different injection efficiencies, due to the former not being
fully incorporated into dust [252]. In fact, for example, considering material of solar composition, only
roughly 1/3 of all the O abundance would be locked into dust, which is the amount corresponding to
the total abundance of all the refractory heavier metals that we can assume to form oxygen-rich dust.

5.3 The environment of the birth of the Sun

The main problem with polluting the nascent Solar System with SLRs is that of timescale. The process
requires one or more dying star(s) expelling the polluting material into its/their surroundings, to be
located in time and space nearby a star just being born. Timescales of stellar lifetimes are relatively
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long, even a very short-lived 60 M� star needs roughly 4 Myr to reach the end of the main sequence. A
typical 25 M� star, whose final CCSN is traditionally invoked as a candidate polluter, needs 7 Myr to
evolve. This contrasts with the much shorter timescale of star formation in stellar clusters, of the order
of few Myr [253]. There have been a number of proposed solutions. One of them is the late injection
idea, which proposes that the protosolar disk (rather than the protosolar cloud) was polluted. This
allows the lifetime of the disk, < 10 Myr [254] to be added to the age spread so that stars with ages
up to roughly 10 Myr can become potential polluters15. In this case, as discussed above, the typical
distance between the disk and the source is of the order of 0.03 pc, which allows to put the source
within the same cluster as the Sun (see Fig. 4).

Another solution is to consider the bigger picture of star formation, i.e., the top panel of Fig. 4,
where a GMC is shown, whose complex may live up to a few tens of Myr. In this case, the scenario would
involve pollution of the presolar cloud (early injection), given the distances from the source calculated
above of the order of 5 pc. This class of scenarios includes the supernova trigger scenario, or the setting
of the birth of the Sun in the vicinity of a massive star, such as a runaway WR star [115], or directly
inside the shell compacted by the wind of a WR star [238, 240, 257]. In relation to the top panel of
Fig. 4, this would be somehow at the border between the green HII region generated by massive stars,
and the red star formation cloud.

One common feature of the early and late scenarios is that they both involve a relatively local
source for the SLRs, typically one star of a given initial mass and lifetime, located at a given distance.
Interestingly, it should be pointed out that while this local scenario is invoked to explain the shortest-
lived radionuclides, i.e., those in Fig. 10 which plot above the steady-state line and cannot be explained
by the workings of GCE, in particular 26Al, it cannot be excluded a priori that such a proposed single,
nearby star also produced some of the longer-lived nuclei [93, 102]. In this case, due to the vicinity of
the source to the ESS, it is not necessary to invoke a major production site, since the dilution with the
surrounding matter would be small enough to also allow a minor production site to provide a significant
contribution (see Fig. 13). This feature of such models actually can create problems of overproduction
of some SLRs, which are already inherited from GCE. For example, in the specific cases of 26Al and
182Hf there are direct constraints from FUN-CAIs exhibiting the standard ESS 182Hf/180Hf value and no
26Al [258]. At least for this couple it seems that a common origin as predicted by some stellar models
(Fig. 13) should be excluded.

Another point common to these local scenarios is that the likelihood of the required circumstances
to happen is relatively small, of the order of some percent or less, depending on the specific model and
the specific analysis [71, 228, 257, 259–262]. In simple terms, this derives from the fine-tuning of the
initial mass of the polluter, leading to constraints on the number of stars born in the same cluster as
the Sun and the distance from the stellar source to the Sun. A corollary from the local scenario is that
our Solar System would be from rare to relatively uncommon and that most planetary systems in the
Galaxy would have a low(er) 26Al abundance [261].

An alternative to the local scenario has been recently proposed: a global scenario, which involves
the large-scale evolution of a GMC and its potential chemical self-enrichment, which may occur if the
lifetime of the cloud is of the order of a few tens of Myr. In this case, massive, short-lived stars born
in the regions of the molecular cloud that collapse earlier can provide the short-lived SLRs to stars
born in the regions that collapse later. As mentioned above, the lifetimes of molecular clouds can range
up to a few tens of Myr, which makes this scenario plausible. Interestingly, in the global scenario the
injection mechanism related to Q2 is less relevant, since the matter precursor to the presolar cloud is
primordially enriched. On the other hand, it is more difficult in this case to explain the existence of
FUN-CAIs and micro-corundum grains that show no 26Al enrichment [263]. These could be explained

15It should be noted, however, that only 5-10% of stars of mass below 2 M� still present a disk beyond 3 Myr of age
[254] and that for the ESS indirect evidence from chondrules indicates that the disk lived less than 5 Myr [255, 256].
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within the local scenario if they formed prior to the injection of 26Al [264], and in the global scenario
by spatial inhomogeneities in the disk.

For example, [265] proposed that 60Fe was inherited in the molecular cloud where the Sun was born
from a previous generation of CCSNe born in a different molecular cloud. Combined with an origin for
26Al from a local massive star [238], this scenario requires three discrete generations of stars, and two
star-formation triggering episodes, which may be unlikely [266]. The most sophisticated study to date
is that of [234], who modelled from first principles the production, transport, and admixing of freshly
synthesised 26Al and 60Fe from CCSNe in star-forming regions within GMC using a multi-dimensional
magnetohydrodynamic code. They demonstrated that mixing is efficient and the effect of self-pollution
on the composition of newborn stars inside molecular clouds becomes evident relatively quickly, within
10–30 Myr. They concluded that variable presence of 26Al is a general feature of these regions, however,
it is accompanied by an abundance of 60Fe at or above the upper limit of the currently debated range.
This is an inevitable consequence of current CCSN models, which produce comparable yields for 26Al
and 60Fe, as discussed above in relation to Q1. To overcome this problem, [237] and [239] speculated
that contributions from the winds of massive stars would be enhanced in molecular cloud environments,
relative to the galactic ISM, and this would explain the origin of 26Al. The conundrum here is that, if
massive stars evolving in GMC are responsible for the enrichment of SLRs in the ISM, it is not clear
why the 60Fe/26Al ratio in the ISM ('0.55 from γ-ray observations) and in GMC ('0.2 - 0.002 from
the ESS) should be so different.

One key feature of the global scenario that distinguishes it from the local scenario is that the presence
of SLRs would affect many stellar births, since most stars are born in giant molecular clouds. The vast
majority of stars in the Galaxy would be born with a high abundance of 26Al, as in the Solar System.
As discussed in Sec. 6.3 this will have major consequences on the thermo-dynamical evolution of their
planetesimals.

6 The effect of radioactive decay on the evolution of the Solar

System solid bodies

As introduced in Sec 2.4, the main processes by which radioactivity can affect habitability are radiation
(in a direct way) and heat generation (mostly indirectly). In terms of radiation, it should also be
noted that the high energetic particles produced by radioactive decay can affect the overall evolution
of protoplanetary disks by contributing to the ionisation of matter [231, 267]. Considering the effect of
different star formation rates in different galaxies, starburst and high-redshift galaxies may be richer in
SLRs than the Milky Way Galaxy, which then results in overall higher ionisation levels [268]. Another
proposed effect of the decay energy of 26Al is to drive lightning discharge that could contribute to
the melting of chondrule precursors [269]. Here, we will start by considering the heat generated by
radioactivity in Solar System solid bodies, and then specifically focus on the relation between the decay
of 26Al and the evolution of early planetesimals, the first rocks of sizes roughly 1 to 200 km from which
the rocky planets are believed to have originated via gravitationally controlled accretion.

6.1 Radioactive heating sources in the Solar System

In Fig. 15 we plot the total energy available for heating from radioactive decay per gram of material in
the Solar System. In Table 4 we report the numbers used to derive this energy. We have assumed the
ESS ratios for the SLRs reported in Table 2 (choosing 10−3 for the 10Be/9Be ratio) and a rock with the
composition of CI chondritic meteorites [26]. This class of meteorites shows the closest composition to
the primordial (before Li destruction via H burning) solar photosphere (except for the volatile elements,
H, C, N, O, and noble gases). The radionuclides are ordered in the figure according to output energy.
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Table 4: Decay energy, abundance in CI chondritic meteorites ([26]; normalised to a Si abundance of
10.7 wt%), and total heat energy available from the decay per gram of rock. The SLRs are listed in
the same order as in Table 2, some long-lived radionuclides are also included at the end of the table, in
order of ascending mass.

Short-lived radionuclides
Energy (erg/decay) CI abundance (atoms/gr) Total E (erg/gr)

26Al 5.00× 10−6 1.01× 1016 5.07× 1010

10Be 3.24× 10−7 1.40× 1012 4.56× 105

53Mn 8.23× 10−9 1.48× 1014 1.22× 106

107Pd 1.49× 10−8 5.43× 1010 8.10× 102

182Hf 2.96× 10−6 1.28× 1010 3.78× 104

129I 1.23× 10−7 3.23× 1011 3.97× 104

247Cm 2.67× 10−5 7.45× 108 1.99× 104

92Nb 2.03× 10−6 2.81× 1010 5.71× 104

146Sm 4.05× 10−6 1.56× 1011 6.31× 105

36Cl 3.95× 10−7 2.19× 1014 8.67× 107

60Fe 4.16× 10−6 1.80× 1013 7.49× 107

244Pu 2.50× 10−5 2.89× 1011 7.23× 106

7Be 7.99× 10−8 8.56× 1012 6.84× 105

41Ca 4.31× 10−9 6.17× 1011 2.66× 103

205Pb 8.35× 10−9 3.03× 1011 2.53× 103

Long-lived radionuclides
Energy (erg/decay) CI abundance (atoms/gr) Total E (erg/gr)

40K 1.05× 10−6 1.27× 1016 1.33× 1010

87Rb 1.31× 10−7 4.83× 1015 6.33× 108

147Sm 3.70× 10−6 9.18× 1013 3.40× 108

176Lu 1.24× 10−6 2.46× 1012 3.04× 106

187Re 9.90× 10−10 8.58× 1013 8.49× 104

232Th 6.46× 10−5 1.01× 1014 6.52× 109

235U 7.10× 10−5 1.33× 1013 9.45× 108

238U 7.64× 10−5 4.13× 1013 3.15× 109
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All SLRs are included, as well as the long-lived 40K, 232Th, and 235,238U and a few other long-lived
nuclides of interest for geochemical applications.

For the calculation of the decay energy we took all the required information from the National
Nuclear Data Center website (www.nndc.bnl.gov). For the α decays, we used the full Q values, since
there is no loss due to energy carried away by neutrinos and since in this way the energy in the recoil
energy of the daughter nucleus is also included, typically ∼2%. For the β-decays, we summed the
energies carried by various types of electrons and radiation (save neutrinos), but neglected the recoil of
the daughter, which is complicated to obtain precisely but typically less than one per mil. In the decay
chains branchings of less than one per mil were neglected, as well as the 1.2 per mil fission branch at
244Pu. The released energies are very close to those calculated by [270], for the nuclides reported there
(26Al,60Fe, 40K and the long-lived Th and U isotopes). Small differences (of at most 2-3%) may be due
to different sources for the decay data and/or different treatment of recoils.

In Fig. 16 we plot the net energy output as a function of time. Obviously, only a portion of the
total available energy from the long-lived radionuclei has been expended so far, since they are still
alive. Among the SLRs, the decay energy from 26Al dominates by far, given its very high abundance.
Interestingly, if the high 36Cl values and low 60Fe values are correct, 36Cl would appear to be more
important than 60Fe (still much smaller than 26Al) as a heat source during the first few Myr of the
Solar System. However, heating by 36Cl may be “self-defeating”: within a normal type of meteoritic
rock (primarily Mg, Fe silicates) the melting will probably decompose the compound containing Cl and
the 36Cl will be lost to the gas phase, thus removing the possibility of further heating of the rock from
this source. After 10 Myr or so, 60Fe becomes the most important SLR, however, already by this time
the long-lived 40K starts to dominate the total energy output. Although 53Mn is relatively abundant,
it provides very little energy because it decays via electron capture only, with no γ-ray, and essentially
all the energy is carried away by the neutrino.

Since the heat scales with the abundance, if, for example, 60Fe was 50 times higher than assumed
here, its contribution to the total heating energy would become roughly 7% of the 26Al contribution,
and after about 10 Myr its energy output would still be higher than that from 40K. Alternatively, if the
abundance of 26Al was below the canonical value the evolution of the solids would have been somewhat
different [132]. From the discussion above (Sec. 5) it is clear that we cannot assume that other stars
are born with the same SLR inventory as the ESS, thus the relative contributions could be enormously
different in extra-solar protoplanetary disks. For example, no significant SLR heating source may be
present in a system with a 26Al abundance four orders of magnitudes lower than in the ESS, i.e., if the
lower limit of the 26Al/27Al ratio derived from the γ-ray background of 2×10−6 decayed for an isolation
time of 6 Myr and there was no local production in the stellar nursery. In relation to the long-lived
isotopes, we note that unlike the Th and U isotopes, which are pure r-process products, 87Rb and 147Sm
can also be produced by the s-process. This implies that their initial abundances relative to Th and
U could be very different in other planetary systems, resulting in further possible significant sources of
heat.

6.2 Incorporation into minerals

Beyond the characteristic decay energy and occurrence of radioactive isotopes in any hypothetical
protoplanetary disk, to produce heat and influence processes relevant to astrobiology, the isotopes have
to be incorporated into the solids and finally the planetary bodies, satellites etc. forming there. Here,
the related possibilities and expected characteristics are summarised, although we note that serious
knowledge gaps exist.

Radioactive isotopes could be trapped in the same way as stable isotopes in any crystalline lattice
by two basic processes: during primary mineral condensation in the ISM or especially in the proto-
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planetary nebula, and by later migration inside already condensed planetesimals16. While the first is
more influenced by the conditions inside protoplanetary disks, the second is governed by conditions
inside the given planetesimal. Such secondary migration processes could produce environments with
enhanced heat production, causing melting, evaporation, gas release, and various chemical reactions.
The important radioactive isotopes can be grouped according to their compatibility to various minerals:
(i) those which can be accommodated by many (including major) minerals in the long term – lithophile
elements like Al, K, Mn, but also siderophile elements like Pd; (ii) some elements with more complex
behaviour like Fe; and (iii) trace elements like U and Th that are incompatible because of their atomic
radius and valence. Isotopes accumulated by secondary migration would mostly be relevant for long-
lived radionuclides, where this can cause melting, for example, producing mare basalts on the Moon
around 3.9-3.5 Ga ago [271].

In relation to primary mineral condensation, if the necessary starting elements exist in reasonable
amounts (elevated spatial density) below their condensation temperatures, for SLRs faster accretion
could increase the heating effect by early incorporation of isotopes before they decay. In the second case
of later migration, the processes of release, migration, and accumulation of isotopes already entrapped
inside minerals do matter mainly for long-lived radionuclides because resulting elevated concentrations
would cause a net heating effect, while resulting low concentrations would prevent a temperature in-
crease, as the target material loses the heat faster than it is produced.

In the following we are going to discuss in a simplified manner conditions and mineral types that are
relevant to these aspects, i.e., influencing the primary condensation or accumulation of heat producing
nuclides inside the first solids. Since the system is complex, it is difficult to quantitatively estimate
the distribution and occurrence of certain radioactive isotopes in planetesimals of extra-solar planetary
disks, thus only rough estimates on the relevant factors will be summarised.

The chemical environment has an effect due to the presence/absence of the various chemical elements
with which the radioactive nuclei can form solids. In this respect the carbon/oxygen ratio in the disks
[272] is an overall dominant factor, allowing the formation of either primarily oxidised (like Al2O3)
or reduced (like FeS) components. The C/O ratio is expected to increase with time along with the
condensation of H2O in a disk [273] and the condensation pathways of refractory solids differ at different
C/O ratios [274]. For the most important SLR 26Al, oxygen-rich conditions are more favourable for
trapping in minerals, relative to a reduced protoplanetary disk – although observational evidence is
restricted only to our Solar System, where oxidised phases were dominant. Extra-solar planetary systems
more rich in C may behave differently in this respect.

The condensation sequence of the different nuclei follows their different volatility [275]. For ESS
conditions, the most refractory element among the radioactive isotopes listed in this work is Hf (however,
it will have a low spatial concentration), followed by Al (which is much more abundant and forms oxides
like corundum, hibonite and gehlenite minerals around 1700 K), followed by the condensation of Nb, Be
and Fe around 1500-1300 K (these could be present in enstatite and forsterite silicates formed around
1400 K but only at the trace amount level). Feldspars condense around 1000 K and are carriers of Al
and K, while Pb would alloy with Fe at around 700 K [26].

Condensation speed and the available time for condensation also influence the radioactive heating
effect of SLRs as in the case of fast condensation the nuclides are entrapped with still higher abun-
dances. Based on models and observations, the characteristic timescales towards planet formation are
the following: 0.01 Myr is required for a Class 0 protostellar object [276] to became a Class I object
[277], when more than 50% of the envelope has fallen onto the central protostar; 0.1 Myr is estimated
for the condensation of first solids in the Solar System (CAIs formed at >1300 K, containing Ca and
Al carrier minerals); and 1 Myr is required for building the first planetesimals. These durations are of

16It is worth mentioning that many isotopes could be simply adsorbed on the porous surfaces of grains, however,
substantial accumulation is not expected by this process.

45



the same order as the half-life of 26Al (0.72 Myr). Thus, in the case of substantial injection of 26Al into
a protoplanetary disk and taking the 0.1 Myr time scale for the condensation of the first solids, large
amounts of 26Al will be encapsulated in solids. Early planetary condensation may also result in more
efficient melting of accumulated material. In the Solar System, the first basaltic angrite meteorites
formed around 10 Myr after the formation of the very first CAI. This interval roughly coincides with
the age of many debris disks produced by the fragmentation of some already condensed planetesimals
[278], confirming that 10 Myr is the timescale typical for the formation of km-sized planetesimals, where
in turn melting and differentiation can result in secondary accumulation of radionuclides.

The spatial density of certain nuclei will have a strong effect on the heat production. Of course,
the higher the concentration, the higher is the possibility for radioactive decay produced heating. This
is particularly relevant for example in the case of heterogeneous distribution of 26Al [129, 132], where
melting of planetesimals may occur in one place and not another, even if they formed at the same time.

6.3 Implications from the decay of 26Al decay on planetesimal evolution

Based on model computations and meteorite evidences, the dominant process contributing to the very
early melting of planetesimals was the heat generated by the decay of 26Al (see also Fig. 16). This
decay could melt even relatively small (above 10-20 km diameter) planetesimals or asteroids [279–281].
It modified the mineral content, melted ice to liquid water, thus possibly producing a range of different
molecules potentially important for habitability both inside these objects and also for other bodies onto
which they impacted [282]. Consequently, the most frequently investigated heat source in the ESS is
26Al and its role in the thermal evolution of young planetary bodies in the Solar System.

The direct heating effect of 26Al depends on its concentration and how early the first planetesimals
formed [283]. For a given planetesimal size, larger radionuclide concentration and faster growth will,
of course, result in higher temperatures. In case of a sufficient heating effect, the thermo-mechanical
evolution of the planetesimal is strongly affected [281, 284]. In fact, melting and differentiation is mostly
controlled, for a given size planetesimal, by its initial amount of 26Al. The size controls the heat escape,
via the volume to surface ratio, so that larger bodies are able to retain their heat more efficiently.
By the direct heat effect, co-accreted ice could melt [285–287], and liquid water circulation may result
[288]. This, in turn, leads to alteration of rocks, including formation of phyllosilicates [289], which are
highly effective for polymerization of smaller organic molecules [290]. Phyllosilicates can also stabilise
these molecules against other agents by adsorbing them on their mineral surfaces [291]. Liquid water
circulation inside planetesimals could produce organics also regardless of phyllosilicates, however, this
is still poorly explored [292, 293]. Another important feed-back effect coupled to the radioactive heat
might increase the temperature even further. If radioactive heating melts at least part of the ice that
is mixed with silicates, the so formed liquid water may be able to cause various exothermic hydration
reactions – the most likely among them being serpentinization: the weathering of olivine – that may
become an even more effective heat source than the radioactivity itself [294]. Naturally, this process
will not start unless the radioactive heat is sufficient to increase the temperature enough to melt the
water ice in the first place.

Because planetesimals are believed to represent the building blocks of rocky planets, as they accrete
onto each other via dynamical interaction in the disk, clearly the internal structure and the composition
of planetesimals will have an impact on the composition of the planets to which they contribute17. One
important consequence that has received attention in recent years is the delivery of water to terrestrial
planets. In addition to the distance from the central star18, the water budget (H2O content) of any
planetary body depends on several parameters and conditions, making it difficult to evaluate the whole

17A new model of pebble accretion for the growth of protoplanets has recently been proposed [296]. The role of heating
via 26Al still needs to be investigated in relation to this scenario.

18Only beyond the “snow line”, or “ice line”, it was cold enough for water to condense into solid ice grains.
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range of possibilities. However, the dominant effects can be considered and can be grouped into the
primordial content acquired during direct accretion and early evolution of the first solid bodies, and
later accretion, due to the impact of planetesimals on the surface of larger planetary embryos. In
this context, 26Al may play a role by influencing the temperature inside, and water vapour outgassing
from, the first solids. In the Solar System the heat from relatively high 26Al content combined with
“fast accretion” ultimately led to a moderately low H2O content of the first accreted bodies. Early
formed planetesimals beyond the snow line are predicted to initially contain 50% ice [92], however,
carbonaceous chondrites, which represent objects that formed beyond the snowline, contain only up to
5-10% water by mass, suggesting that a large fraction of the initial ice was lost. The later water delivery
onto growing planets might therefore be low because of a low water content of the impacting bodies.
According to [297] water was probably carried to Earth by planetary embryos coming from the outer
asteroid belt, beyond the snow line. In detail, the situation is complex, but according to Ciesla et al.
[295] the increased 26Al content and the faster accretion in the earliest history of the Solar System led to
a low water content in the final planetary bodies. In their simulations, these authors studied the effect
of changing the composition of planetesimals on the amount of water delivered to terrestrial planets.
Their results demonstrate that planets formed from ice-rich planetesimals (50% ice, as compared to the
5% value in carbonaceous chondrites) would result more likely in having higher water mass fractions
than the ∼0.1-0.2% of the Earth (Fig. 17). The water degassing process due to the presence of 26Al and
its effect on the water fraction of terrestrial planets is being investigated currently also by Lichtenberg
et al.19 with a similar result, namely that systems with larger planetesimals and higher 26Al will result
in planets that are more strongly depleted in water. Considering another extreme, full water coverage
of the surface of a planet may be harmful for habitability by inhibiting the carbon cycle [298] and
silicate weathering [299]. Furthermore, in the case of deep global oceans, the first organisms forming at
the rock-water interface would not have been able to exploit solar radiation as an energy source, and
chemical energy sources might not have been sufficient to lead to an advanced evolution as occurred on
the Earth.

Because of the deep implications of the presence of 26Al in planetary systems it is crucial to under-
stand its distribution in star forming regions. The first step would be to explain its high abundance in
the ESS, however, as discussed in Sec. 5 we are far from consensus on the answer to this question. In
particular, the different scenarios discussed in Sec. 5.3 are characterised by very different probabilities
of occurrence, from less than 1 permil (in some cases of local scenarios) to almost 100% (in the case
of global scenarios). While it would appear sensible to assume that the birth of the Sun was a typical
event, ultimately the question of the probability of 26Al occurrence could be considered irrelevant to the
origin of SLRs in the ESS, since we only have one observation. However, a statistical analysis becomes
crucial if we wish to establish the percentage of extra-solar planetary systems born with a significant
amount of 26Al.

Qualitative and indirect observations tend to support the idea that a high abundance of 26Al is
common in extra-solar planetary systems. Qualitative indication comes from the ability of γ-ray satellite
observatories such as INTEGRAL to map the abundance of 26Al in the Galaxy. These maps show that
a higher abundance of 26Al is found in the galactic plane, which is consistent with its main production
site being massive stars, since these are also preferentially located closer to the galactic plane. As
calculated above, the total mass of 26Al in the Galaxy, when scaled to the mass of the Galaxy, is
very roughly 5 times lower than its abundance in the ESS. However, as mentioned in Sec. 3.2 its
distribution is not homogeneous, with groups of massive stars associated to star-forming regions such
as Cygnus and Scorpius-Centaurus clearly more enriched in 26Al than other regions of the Galaxy. Still,
as discussed above, it is also not clear if and how such material can find its way into pre-stellar cold
clumps. Further indirect observational support to the idea of a universally high 26Al in newborn stars

19https://figshare.com/articles/Desert versus ocean worlds a planet population dichotomy from 26Al enrichment/5577388/1
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may be inferred from the abundances of, among others, Al, Si, and Fe in the atmospheres of white
dwarfs that are believed to have accreted some of their own asteroids and appear to carry the sign of
early differentiation of these asteroids driven by the heat from the decay of 26Al [300, 301]. On the other
hand, a low probability for the presence of high 26Al abundances would fit in with anthropic selection
for the presence of 26Al in the ESS, as has been proposed based on its possible implications for the
existence of life on Earth [302].

7 Conclusions

We have reviewed the meteoric evidence for the presence of SLRs in the ESS, their production in stars,
the simple models available to predict their GCE evolution, and the methodology that allows us to use
SLRs as clocks to measure the isolation time of presolar matter inside its parent molecular cloud. Most
stars produce some kind of SLRs and enrich the ISM with radioactivity at the end of the lives via winds
or explosions. We have then considered the origin of the shortest-lived isotopes, such as 26Al, in the
context of different scenarios for the formation of the Sun, and the impact of the heat from radioactivity
on the evolution of solid bodies in a planetary system, focusing in particular on the effects resulting
from the presence of 26Al. Depending on the timescale and speed of early condensation and accretion in
disks, melting of planetesimals may produce circulating water and related chemical reactions influencing
habitability. Our main conclusions and future prospects are the following:

1. The abundance of 60Fe in the ESS needs to be firmly established before we can proceed to select
the possible stellar source responsible for the presence of 26Al. Among the other SLRs, the
determination of the ESS abundances of 36Cl, 41Ca, 205Pb, and 244Pu require special attention.

2. Accurate and precise predictions for the stellar production of SLRs are still hampered by many
uncertainties in the nuclear physics input. These range from the proton capture reactions on 25Mg
(including the feeding factor to the ground state of 26Al) and 26Al, to the neutron production rates
13C(α,n)16O and 22Ne(α,n)25Mg, the neutron-capture cross sections, as well as the decay rates of
the various branching points (related to the production of, e.g., 60Fe and 182Hf), the decay rate of
146Sm as well as the rates of the reactions that lead to its production, and the r-process production
of isotopes belonging to the actinides. More details have been given for each SLRs in the dedicated
subsections of Sec. 3. Current and future experimental facilities, among them LUNA, FAIR, and
n TOF at CERN, will allow to take up the challenge to improve much of the current situation. In
the case where theoretical estimates are required, such as the temperature dependence of decay
rates, better nuclear models need to be employed and uncertainties evaluated.

3. Updated and improved stellar models for all the sites of production (Table 3) need to be constantly
considered in the light of SLR production. For example, the recent models by [236] should be
examined in relation to all the SLRs considered here, starting with the procedure presented in
Sec. 5.1. In this context, a coherent picture of SLR nucleosynthesis needs to be built that is
able to include the interpretation of all the available constraints, each with their own significance.
These include stardust grains [151], likely originating each from a different star or CCSN, γ-ray
observations [145], for which a grand average of stellar yields in the Galaxy needs to be considered,
and measurements of current radioactivity in the Earth’s crust and other terrestrial and lunar
samples (e.g., [15]), to which probably only one or a few CCSNe contributed. Observations of
live 26Al of CCSN origin in the same terrestrial samples that show live 60Fe, for example, and
comparison of the 60Fe/26Al ratio with that derived from γ-ray observations can provide new
constraints for the build up of this coherent picture. At the same time proposed future space
telescopes like eASTROGAM [303] and GRIPS [304] will provide a new, improved understanding
of the occurrence of 26Al and 60Fe in the Galaxy and in star forming regions.
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4. In order to properly describe the effect of discrete stellar additions of SLRs to the presolar matter
and derive information about the lifespan of its stellar nursery, the free parameters K and δ in
Eq. 15 need to be constrained both by using full GCE and stellar population models, and an
improved understanding of the propagation of different types of stellar ejecta in the ISM. This
will allow us to derive a better estimate of the isolation time, which in turn may help us to clarify
the environment of the birth of the Sun. Hydrodynamical model calculations of the propagation of
SLRs in the Galaxy from their stellar sources to the location of star formation need to be carried
out also to address the issue of the origin of 26Al in the ESS.

5. Models of planetesimal evolution and planet formation including the effect of the heat of 26Al
need to be developed further, including volatile degassing and different scenarios such as pebble
accretion. Different abundances for other potential heat sources like 60Fe for short term heating,
or 87Rb, 147Sm, and 232Th for long term heating should be also considered, as under specific
conditions they may have elevated abundances compared to those that were present in our Solar
System and thus may have a substantial effect on habitability in other planetary systems.

6. Based on a clearer picture obtained from the points above, a statistical analysis of the presence
of 26Al in extra-solar planetary systems will need to be developed. Further steps might be such
model approaches that connect the spatial distribution of 26Al in star-forming regions and the
condensation speed of planetesimals in disks there. This might help to evaluate differences between
forming planetary systems in their potential of generating liquid water and various chemicals
inside their early formed solid bodies. Results may be then compared to independent constraints
from future observations of the composition of extra-solar planets, and particularly of their water
content as a possible signature of the ultimate effect of 26Al decay. Missions that aim to discover
and characterise exoplanets include the NASA missions K2 and TESS and the upcoming ESA
missions CHEOPS and PLATO, in conjunction with more detailed, spectroscopic input from the
NASA James Webb Space Telescope (JWST), the prospective ESA ARIEL space mission, and
the ground-based Extremely Large Telescopes (ELTs) that are currently in development. The
combination of these data sets will give us information on both the bulk and the atmospheric
or surface compositions of extra-solar planets. Such further examples of planets beyond the
Solar System may eventually provide an independent estimate of the presence of 26Al and the
consequence of its integration to solid condensates.

These tasks lying ahead are challenging, but feasible, and carrying the promise to provide us with a
clearer view of where our Solar System and the life within it stands in relation to the vast population of
extra-solar planetary systems in the Galaxy. Connection of improved models and further observational
data on the occurrence of radionuclides could provide new approaches to estimate the habitability
potential of the growing number of recently discovered exoplanetary systems.
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Planetary Science Conference, vol. 48, 2017, p. 1739.

[36] Tang H., Dauphas N. Astrophys. J., 802 (2015), p. 22

[37] Chaussidon M., Robert F., McKeegan K.D. Geochim. Cosmochim. Acta, 70 (2006), pp. 224-245

[38] Liu M.-C. Geochim. Cosmochim. Acta, 201 (2017), pp. 123-135

[39] Palk A.G.W., Andreasen R., Rehkämper M., Stunt A., Kreissig K., Schönbächler M., Smith C.
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Lippuner J., Sprouse T.M., Surman R., Wollaeger R. Astrophys. J., 855 (2018), p. 99

[62] Hotokezaka K., Piran T., Paul M. Nat. Phys., 11 (2015), pp. 1042-1044
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[190] Schönbächler M., Carlson R.W., Horan M.F., Mock T.D., Hauri E.H. Geochim. Cosmochim.
Acta, 72 (2008), pp. 5330-5341
[191] R. Andreasen, M. Rehkämper, G.K. Benedix, K.J. Theis, M. Schönbächler, C.L. Smith, Lunar
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Table 1
Potassium Isotopic Compositions of E44 and E65 CAIs

Sample 40Ca/39K (±2σ ) 41K/39K (±2σ )

E44 px1 (5.38 ± 0.13) × 105 0.07442 ± 0.00154
E44 px2 (1.82 ± 0.11) × 106 0.07644 ± 0.00656
E44 px3 (7.24 ± 0.28) × 105 0.07162 ± 0.00269
E44 px4 (8.27 ± 0.21) × 105 0.07612 ± 0.00198
E44 px5 (8.37 ± 0.63) × 106 0.08722 ± 0.01766
E44 px6 (8.78 ± 0.38) × 105 0.07681 ± 0.00344
E44 px7 (3.67 ± 0.18) × 106 0.08283 ± 0.00744
E44 px8 (4.28 ± 0.20) × 106 0.08184 ± 0.00768
E44 px9 (7.37 ± 0.21) × 105 0.07468 ± 0.00214
E44 px10 (6.63 ± 0.17) × 105 0.07112 ± 0.00176
E44 px11 (6.13 ± 0.13) × 105 0.07308 ± 0.00142
E44 px12 (2.04 ± 0.61) × 106 0.07943 ± 0.00338
E44 px13 (1.74 ± 0.02) × 105 0.07259 ± 0.00054
E65 px1 (3.28 ± 0.05) × 105 0.07405 ± 0.00084
E65 px2 (1.08 ± 0.01) × 105 0.07259 ± 0.00052
E65 px3 (8.15 ± 0.26) × 105 0.07577 ± 0.00232
E65 px4 (3.93 ± 0.07) × 105 0.07296 ± 0.00102
E65 px5 (1.38 ± 0.22) × 107 0.10169 ± 0.04468
E65 px6 (1.38 ± 0.01) × 105 0.07218 ± 0.00048
E65 px7 (7.38 ± 0.06) × 104 0.07198 ± 0.00332
E65 px8 (1.45 ± 0.05) × 106 0.07394 ± 0.00332
E65 px9 (7.20 ± 0.18) × 105 0.07196 ± 0.00184
E65 px10 (6.27 ± 0.14) × 105 0.07359 ± 0.00148
E65 mel1 (2.04 ± 0.09) × 106 0.08046 ± 0.00394
E65 mel2 (5.43 ± 0.11) × 105 0.07552 ± 0.00114
E65 mel3 (1.67 ± 0.07) × 106 0.07756 ± 0.00344
E65 mel4 (9.70 ± 0.03) × 105 0.07205 ± 0.00222
E65 mel5 (1.90 ± 0.07) × 106 0.07164 ± 0.00309
E65 mel6 (7.46 ± 0.17) × 105 0.07242 ± 0.00138
E65 mel7 (2.38 ± 0.08) × 106 0.07396 ± 0.00331
E65 mel8 (5.57 ± 0.14) × 105 0.07435 ± 0.00144
E65 mel9 (7.98 ± 0.49) × 106 0.08432 ± 0.01008
E65 mel10 (1.36 ± 0.06) × 106 0.07078 ± 0.00262

Notes. The error of true 41K/39K was calculated by propagating the counting
errors of stripped components ((40Ca42Ca)++, 40CaH+

tail, and 40Ca+
tail) into

those of potassium isotopes. From counting statistics, (40Ca42Ca)++ contributes
roughly <2% to the final error of 41K/39K, whereas the contributions from
40CaH+

tail and 40Ca+
tail are negligible because the two components comprise

<1% of the total signals at mass 41 (see Figure 4).

3. RESULTS

The potassium isotopic compositions of E44 and E65 are
tabulated in Table 1 and plotted in Figure 3. Only fassaite
and melilite yielded high enough 40Ca/39K (>5 × 105) for
determination of 41K*, with 39K+ count rates ranging from 15
to 1000 counts s−1. The (40Ca42Ca)++ interference comprises
5%–87% of the total measured signal at mass 41, depending on
the 40Ca/39K ratio of the phase measured (Figure 4). In E44,
an error-weighted-least-squares regression through all the data
points yields (41Ca/40Ca)0 = (2.6 ± 0.9) × 10−9 (2σ , χ2 = 2.0),
and the intercept (41K/39K)0 = 0.0721 ± 0.0004 is consistent
with the terrestrial ratio. Similarly, low (41Ca/40Ca)0 = (1.4 ±
0.6) × 10−9 and normal (41K/39K)0 = 0.0725 ± 0.0002 (2σ )
were found in the E65 CAI, although the scatter in the fitting
appears to be larger (χ2 = 3.6) than that of E44. The new values
are about a factor of 7–10 lower than the previously claimed
(1.41 ± 0.14) × 10−8 by Srinivasan et al. (1996), but overlap
41Ca/40Ca = (4.1 ± 2.0) × 10−9 in EGG3 pyroxene determined
by Ito et al. (2006).

Figure 3. Isochron diagrams for E44 and E65 CAIs. δ41K is defined as
((41K/39K)/(0.072) − 1) × 1000. Errors are 2σ .

4. DISCUSSION

4.1. A New Estimate for Initial 41Ca/40Ca
in the Early Solar System

The results obtained in this study are much lower than the
previous value of Srinivasan et al. (1996), probably because the
new SIMS enabled better separation between interferences and
peaks of interest and more accurate corrections for the scattered
ions at m/e = 41. However, it should be noted that the two
CAIs could have been thermally processed after their forma-
tion, as was implied by their lower-than-canonical 26Al/27Al
ratios. Given that K self-diffusivity is only marginally slower
than that of Mg in melilite (e.g., 6.74 × 10−19 and 9.43 ×
10−19 m2 s−1 at 1200 ◦C, respectively; Ito & Ganguly 2004;
the diffusion coefficient of K in fassaite is not available), the
extent to which the K isotopes were disturbed should be similar
to (or slightly less than) the Mg isotopes. This suggests that
the 41Ca/40Ca ratios inferred from our measurements should
not represent the true solar system initial. Applying the reset-
ting times of ∼80,000 years and ∼155,000 years to E44 and
E65, respectively, as were calculated by scaling their 26Al/27Al
ratios back to 5.2 × 10−5, we obtain converging values
of 41Ca/40Ca = 4.55+2.60

−1.57 × 10−9 and 4.10+2.04
−1.30 × 10−9. Such

41Ca/40Ca ratios are perfectly consistent with the inferred
41Ca/40Ca = (4.1 ± 2.0) × 10−9 by Ito et al. (2006) in the EGG3
CAI that is also characterized by the canonical 26Al/27Al of
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Fig. 2. A 147Sm–143Nd isochron plot of mineral fractions from Allende CAI Al3S4 
yielding an age of 4560 ± 34 million years and an initial 143Nd/144Nd of 0.506657 ±
43. Isochron has a mean squared weighted derivative of 2.4. The Fines fraction 
is plotted as an open symbol and is excluded from the regression. Inset repre-
sents deviation of individual points from the isochron in epsilon units: ε143

Nd =
( (Nd143/Nd144)sample

(Nd143/Nd144)standard − 1) × 104.

(2 stdev; N = 12). Note that all of the published Sr isotopic data 
used for comparison were renormalized to our long-term NBS-987 
value of 87Sr/86Sr = 0.710249 ± 0.000009 (2 stdev; N = 49). Ru-
bidium was run on single zone refined Re filaments. Instrumental 
mass fraction was corrected using the NBS-984 external standard 
assuming an 85Rb/86Sr of 2.593; the uncertainty of Rb fractiona-
tion was 0.5%, and was propagated through the total uncertainty 
of 1%.

3. Results

3.1. Sm–Nd systematics

The Sm–Nd isotopic data for the mineral separates from CAI 
Al3S4 are listed in Table 1 and are plotted in Figs. 1 and 2. The 
147Sm/144Nd ratios for the mineral fractions demonstrate signif-
icant variation ranging from 0.17076 for the melilite fraction to 
0.23204 for the pyroxene fraction. The mineral fractions fall on 
or very close to a single correlation line on both 147Sm–143Nd 
and 146Sm–142Nd isochron plots. The isochrons were plotted with 
Isoplot 4.1 (Ludwig, 2009) and include all data, although the 
147Sm–142Nd isochron does exclude data for the fines fraction.

3.2. Rb–Sr systematics

The Rb–Sr isotopic data for the same mineral separates ana-
lyzed for Sm–Nd are listed in Table 2 and plotted in Fig. 3. The 
87Rb/86Sr ratios range from 0.0076 for the melilite to 0.071 for the 
density >3.26 separate. The mineral separates plot on a single cor-
relation line with an MSWD of 1.4. The 84Sr/86Sr ratios (ε84Sr) of 
the mineral separates are listed in Table 2. The 84Sr/86Sr ratios of 
the mineral separates have ε84Sr values ranging from 0.51 for the 
density separate >3.26 to 1.34 for the pyroxene separate, with a 
mean ε84Sr = 1.08 ± 0.30. The ε84Sr values are within error of 
the values measured in recent studies of nucleosynthetic anoma-
lies in bulk CAIs (e.g. Brennecka et al., 2013; Hans et al., 2013;
Moynier et al., 2010).

4. Discussion

4.1. Sm–Nd ages of CAI crystallization

The Sm–Nd isotopic data from Al3S4 form a well-defined lin-
ear array with a slope that reflects the crystallization age of the 

Fig. 3. A 146Sm–142Nd isochron plot of mineral fractions from Allende CAI Al3S4. 
The slope of this isochron yields an initial 146Sm/144Sm ratio of the Solar Sys-
tem of 0.00828 ± 0.00044. The y-intercept defines an initial 142Nd/144Nd ratio of 
1.141496 ± 0.000018 (ε142Nd = −3.01 ± 0.16), which is in good agreement with 
the initial 142Nd/144Nd ratios calculated for both chondritic meteorites (ε142Nd =
−3.13 ± 0.07; Boyet et al., 2010) and Earth from our Nd standard (ε142Nd =
−2.92 ± 0.07) using 147Sm/144Nd = 0.1960 to 0.1967 (Bouvier et al., 2008; Jacob-
sen and Wasserburg, 1980, 1984) and assuming a half-life of 146Sm = 103 Ma. 
Inset represents deviation of individual points from the isochron in epsilon units: 
ε142

Nd = ( (Nd142/Nd144)sample

(Nd142/Nd144)standard − 1) × 104.

CAI (Table 1; Figs. 2 and 3). The 147Sm–143Nd chronometer yields 
an age of 4560 ± 34 Ma with a relatively small mean squared 
weighted deviation (MSWD) of 2.4. The agreement between the 
147Sm–143Nd age and the accepted Pb–Pb age of 4567.2 ± 0.6 Ma
for CAIs (Amelin et al., 2002, 2010; Connelly et al., 2012; Jacobsen 
et al., 2008; Bouvier and Wadhwa, 2010) provides strong evidence 
that the Sm–Nd isotopic system in Al3S4 has been minimally dis-
turbed since the CAI cooled below the closure temperature for 
Sm and Nd diffusion. This age is concordant with the two-point 
melilite and pyroxene tie line age of 4.53 ± 0.09 Ga reported for 
Allende CAI Big Al by Papanastassiou et al. (1987), but is more pre-
cise. Some evidence for disturbance of the Sm–Nd isotopic system 
in CAI Al3S4 is revealed by the fines fraction, however. This sep-
arate lies off the 147Sm–143Nd isochron, but on the 146Sm–142Nd 
isochron (see below). This fraction was produced during initial 
crushing of the CAI and was separated from the other fractions 
during the sieving process. As a result, this fraction contains the 
finest-grained, most easily friable, component of the CAI and is 
expected to have a larger proportion of secondary minerals than 
the other mineral fractions. The initial 143Nd/144Nd ratio derived 
from the isochron is 0.506657 ±0.000043 (ε143Nd = −0.34 ±0.85), 
and agrees with 143Nd/144Nd ratios previously determined on 
primitive chondritic meteorites of 0.506686 ± 0.000070 (ε143Nd =
0.24 ± 1.4; Bouvier et al., 2008) and 0.50665 ± 0.00014 (ε143Nd =
−0.47 ± 2.8; Amelin and Rotenberg, 2004), but is more precise. 
The initial 143Nd/144Nd determined from CAI Al3S4 isochron is 
within uncertainty of the value of 0.506674 (ε143Nd ≡ 0) proposed 
by Jacobsen and Wasserburg (1980, 1984) for the CHondritic Uni-
form Reservoir (CHUR). This agreement confirms the current CHUR 
parameters, and provides additional evidence that the Sm–Nd iso-
topic systematics of Al3S4 record the crystallization age of the 
sample.

The availability of relatively large mineral fractions allowed the 
first internal 146Sm–142Nd isochron for a CAI to be produced. The 
initial 146Sm/144Sm ratio defined by the slope of the isochron is 
0.00828 ± 0.00044 (Fig. 3). This value is likely to be one of the 
most accurate representations of the initial 146Sm/144Sm ratio of 
the Solar System, not only because CAIs are the earliest solids 

	  
	  
	  
	  
	  
	  
	  
	  	  

RESULTS
As in previous studies, most samples display low 144Nd/238U ratios
(that is, <900), and their d235U values are within 6‰ of the bulk SS
value at d235U = +0.31‰ (relative to CRM-112a) (19, 20). These
samples display a trend between d235U and 144Nd/238U similar to
that described previously on similar samples (11) and which had been
taken as evidence that 247Cm was alive in the ESS. The samples display
significant scatter around the best-fit line that cannot be entirely ex-
plained by analytical uncertainty [the mean square weighted deviation
(MSWD) of the regression for samples with 144Nd/238U ratios lower
than 900 is 46]. Even coarse-grained CAIs that are nondepleted in U
(low 144Nd/238U ratios) have d235U that vary between −0.16 and
+1.35‰, well outside of analytical uncertainty.

One sample (named CuriousMarie) has an extremely high 144Nd/238U
ratio (~22,640) and a 235U excess of +58.9 ± 1.9‰ (equivalent to an
absolute 238U/235U ratio of 130.17 ± 0.27; Fig. 1 and Table 1). For
comparison, the highest 144Nd/238U ratio and 235U excess measured
in CAIs prior to this work were 794 and +3.43‰ (238U/235U = 137.37),
respectively (11). Considerable effort was expended to confirm this re-
sult (see the Supplementary Materials). The measurement was tripli-
cated using different sample purification schemes and various
measurement setups. The tests yielded d235U values of +52.79 ±
14.91‰ after one purification step with 235U measured on Faraday,
+59.12 ± 2.80‰ after two purifications with 235U on an electron mul-
tiplier, and +58.97 ± 2.72‰ after three purifications with 235U on an
electron multiplier. Extensive testing was also done to ensure that no in-
terferences or matrix effects were affecting the measurement by
combining thematrix cut fromCuriousMariewithCRM-112a, purifying

theUbycolumnchemistry, and finding that themeasuredU isotopic com-
position is correct (that is, identical to pure CRM-112a) after purification.

DISCUSSION

Evidence for 247Cm
The finding of such a large excess 235U in a normal CAI [in opposition
to fractionated and unknown nuclear (FUN) CAIs, which is a group
of refractory inclusions that display FUN effects; see the Supplemen-
tary Materials] can only be explained by decay of 247Cm into 235U.
Below, we examine other processes that could potentially lead to
U isotope variations in ESS materials and show that they all suffer
from serious shortcomings:

(i) Isotopic fractionation during secondary processes (for example,
aqueous alteration and/or redox processes), either on the meteorite
parent body or on Earth, can impart large isotopic fractionation to
light elements (such as Li). However, the degree of fractionation gen-
erally decreases as the mass of the element increases, and for U on
Earth, the variations are limited to ~1.5 to 2‰ (21). Although this pro-
cess could lead to some scatter in the data around the isochron, it
cannot explain a +59‰ anomaly.

(ii) Large isotopic variations of nucleosynthetic origin have been
documented for refractory elements in CAIs and are usually readily
identified as departures from mass-dependent fractionation. For ura-
nium, which has only two stable isotopes, it is impossible to distinguish
between 247Cm decay and nucleosynthetic anomalies. Nevertheless,
considering that anomalies on the order of a few permil in heavy
elements (for example, Ba, Sm, and Nd) are only found in FUN CAIs
(normal CAIs have more subdued anomalies of a few tenths of permil)
and given that Curious Marie (d238U ~ 59‰) is not a FUN CAI (see
the Supplementary Materials), the large 235U excess found here cannot
be reasonably ascribed to the presence of nucleosynthetic anomalies.

(iii) Finally, U isotopic fractionation could be the result of fraction-
ation during evaporation/condensation processes. During condensa-
tion, the light isotope of U condenses faster, leading to large 235U
depletion in the condensing gas and the instantaneous solid, but 235U
excesses limited to +6‰ (see the Supplementary Materials). Similarly,
during evaporation, the highest 235U excess predicted by the kinetic the-
ory of gases is limited to ~+6‰. Consequently, evaporation/condensation
processes cannot explain the +59‰ 235U excess observed in Curious
Marie, which leaves 247Cm decay as the only possible explanation.

Closure time in Curious Marie and 247Cm/235U ratio in
the ESS
The large excess of 235U found in the Curious Marie CAI is defini-
tive evidence that 247Cm was alive in the ESS. An initial (247Cm/235U)
ratio of ~5.6 × 10−5 at the time of closure can be calculated using the
slope of the isochron in Fig. 1. Even though the samples with low
144Nd/238U ratios define a trend with d235U, the slope of the isochron
in Fig. 1 is mainly leveraged by Curious Marie (144Nd/238U ratio ~
22,640). The initial 247Cm/235U ratio of (5.6 ± 0.3) × 10−5 thus cor-
responds to the time when this CAI acquired its high 144Nd/238U ratio.
Terrestrial alteration is ruled out because the Allende meteorite is an
observed fall that did not experience much terrestrial weathering. The
extreme uranium depletion in the Curious Marie CAI is thus most
likely due to solar nebula condensation and/or nebular/parent body al-
teration. All fine-grained CAIs in this study display a typical group II

Fig. 1. d235U plotted as a function of the 144Nd/238U atomic ratio in me-
teoritic samples. Open circles, previous studies (11, 17–19, 33, 34); blue circles,
Allende CAIs from this work; light-blue square, bulk Allende from this work].
The +59‰ d235U value observed in the Curious Marie CAI is well outside
the range of variations expected from fractionation during condensation
(gray rectangle) and is thus interpreted as definitive evidence for live
247Cm in the ESS. The scatter in the data (for example, at very low Nd/U ratios)
suggests that stable isotopic fractionation during evaporation/condensation
also influenced the U isotopic composition of CAIs. The slope of the two-point
isochron between Curious Marie and the rest of the samples translates into
a 247Cm/235U of (5.6 ± 0.3) × 10−5 at the time of Nd/U fractionation in
Curious Marie. Accounting for a possible delay between this fractionation
event (possibly related to the extensive alteration of this CAI) and the
formation of the SS of 5 ± 5 My, the inferred 247Cm/235U at SS formation
is (7.0 ± 1.6) × 10−5 (red line).
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Figure 2: Four typical examples of derivation of the ratio of a SLR relative to its stable (or long-lived)
reference isotope from excesses in the daughter nucleus of the SLR. The excess with respect to one
of the most abundant isotopes of the same element is plotted on the y-axis, both as ratio and as δ-
value or ε-value, i.e., per mil or per ten thousand, respectively, variation with respect to the laboratory
standard (see Eq. 4). The x-axis reports the isotopic ratio of two isotopes taken to represent the relative
abundances of the two elements involved, which is controlled by the chemistry and mineralogy of the
sample. Top left: Measurements of different minerals with varying Al/Mg ratios in the inclusion WA
from the Allende meteorite from Lee et al. “Aluminum-26 in the early solar system - Fossil or fuel”
[10] c©AAS. Reproduced with permission. The linear correlation between the 26Mg excess and the
elemental ratio represented the first clear evidence that 26Al was incorporated live in these solids. If
26Al was incorporated extinct instead, i.e., already fully decayed into 26Mg, the 26Mg excess would be
constant as function of Al/Mg. Top right: Inferred 41Ca/40Ca ratio in CAI E44 from the Efremovka
meteorite from Liu et al. “A Lower Initial Abundance of Short-lived 41Ca in the Early Solar System
and Its Implications for Solar System Formation”( https://doi.org/10.1088/0004-637X/761/2/137)[11]
c©AAS. Reproduced with permission. This is an example of a case of a weaker evidence (see Table 2)

due to the large error bars. Bottom left: Derivation of the initial 146Sm/144Sm ratio in CAI Al3S4
(Fig. 1) from very high-precision data [3]. Bottom right: Derivation of the ESS 247Cm/235U ratio based
on analysis of the peculiar U-depleted CAI Curious Marie also from the Allende meteorite [12]. In
this case Nd is used as chemical proxy for Cm, since Cm does not have stable isotopes. The blue line
represents the isochrone obtained from the data, the red line represents the isochrone shifted an assumed
age of 5 Myr. However, [13] reported a much shorter age, and the ESS ratio reported in Table 2 is
essentially the same as the blue line. Reprinted from Tissot et al. (2016) Science Advances, 2, e1501400
c© The Authors, some rights reserved; exclusive licensee American Association for the Advancement of

Science. Distributed under a Creative Commons Attribution Non Commercial License 4.0 (CC BY-NC)
http://creativecommons.org/licenses/by-nc/4.0/.
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Figure 3: Schematic illustration of stellar evolutionary phases with time (increasing on
the x-axis), according to their initial mass (increasing on the y-axis). Image credit:
NASA/CXC/M.Weiss/Public domain.
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now providing detailed views of the youngest proto-
stars in molecular clouds. Infrared surveys of molecular
clouds show that most stars do not form singly but in
clusters ranging from 10 to 106 members [17].

The number of clusters, Nc with N* stars follows a
differential equation of the form [17,18].

dNc

dN!
/ N"2! ; ð2Þ

which implies that the probability that any given star
forms in a cluster with N* stars is P(N*)¼

R
N* dNc /

log N*. That is, a star is as likely to be born in a rare,

Figure 1. The scales of star formation. The upper panel shows a composite view of the Rosette nebula and accompanying
cloud. The nebula, shown in green from a Digitised Sky Survey image, is powered by a collection of massive stars at the centre of
a large cluster. The red image is 2.6 mm emission from the CO molecule and indicates the presence of a Giant Molecular Cloud,
about 50 pc in diameter and mass 2 6 105 M& [9]. The blue image shows the intensity of the neutral hydrogen 21 cm line, and
reveals an atomic envelope around the cloud [10], either the remnants of the diffuse gas from which the molecular cloud formed
or photodissociated gas due to the surrounding ultraviolet radiation field. The lower panels zoom in on the star formation
process. The left panel shows contours of 850 mm emission from a cold dusty envelope around a deeply embedded cluster, imaged
at 3.6 mm. The right panel shows 4.9 mm contours from embedded protostars on a 1.2 mm interferometric image of three dusty
cores lying in a filament at the centre of the clump [11]. The scale bars decrease by an order of magnitude in each panel
demonstrating the enormous change in scale from cloud to clump to core.
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Figure 4: The scales of star formation, as illustrated by [71]. The upper panel shows a
composite view of the Rosette nebula and accompanying GMC. The nebula (in green) is
powered by a collection of massive stars at the centre of a large cluster. The red is emission
from the CO molecule, indicating the GMC. The lower panels zoom in on the star formation
process: the left panel shows contours of emission from a cold dusty envelope around a deeply
embedded stellar cluster; the right panel shows contours from embedded protostars. Figure
reproduced with permission from J. Williams, Contemporary Physics 2010, 51, 381–396
Taylor & Francis Ltd www.tandfonline.com.
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Figure 5: Schematic illustration of the presolar history of the Solar System matter.
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Figure 6: Possible connections between radioactivity and various factors that influ-
ence habitability of solid planetary bodies. Notes according to numbers: 1. Ancient
melting was also supported by other processes, including exothermic heat generated
by serpentinization, i.e, the addition of water into the crystal structure of min-
erals. 2. A very early differentiated iron core is expected to have been present
in many planetesimals, based on the paleomagnetic signature of internal magnetic
dynamos even in carbonaceous chondrites, where the primitive chondritic material
accumulated on the surface of an already differentiated core. 3. Magmatic activity
and internal liquid water generation were supported by the SLRs only in the first
periods. Later on, long-lived radionuclides became the more important to enable
continued activity.
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Figure 7: Sections of the nuclide chart (modified from those obtained from the National
Nuclear Data Center web site, www.nndc.bnl.gov) illustrating the nuclear-reaction paths
favouring (green arrows) or inhibiting (red arrows) the production in stellar objects of four
SLRs lighter and up to Fe: 26Al, 36Cl, 41Ca, and 60Fe. The remaining three SLR lighter than
Fe are not plotted because 7Be and 10Be are not produced in stars, while 53Mn is produced
by NSE, rather than by a defined nuclear reaction pathway. White arrows represent the
radiogenic decay of each SLR, except for 26Al, where the decay to 26Mg is not overlaid onto
the nuclide chart to avoid the plot being too busy.
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Figure 8: Sections of the nuclide chart (modified from those obtained from the National
Nuclear Data Center web site, www.nndc.bnl.gov) illustrating the nuclear-reaction paths
favouring (green arrows) or inhibiting (red arrows) the production of the SLRs heavier than
iron whose cosmic abundances are attributed to neutron-capture processes (in order of in-
creasing mass: 107Pd, 126Sn, 129I, 135Cs, 182Hf, and 205Pb). The actinides 244Pu and 247Cm
are not plotted, since their production is solely due to the r process. Solid green arrows rep-
resent major production paths, while the dotted green arrows represent minor production
paths. White arrows represent the radiogenic decay of each SLR.
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Figure 9: Time evolution of Eq.12, assuming δ = 10 Myr, and τ/δ as indicated in each
panel and plotted as the dashed straight line, which also represents the steady-state value.
The larger τ/δ, the more events N it takes to reach steady-state. Setting the value of τ
and varying δ would result in a perfectly equivalent behaviour, except that the time N × δ
required to reach steady-state would be longer.
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a = 0.016, x = 0.299, t = 7.5 Ga. Note that the exact posi-
tions of the early solar system abundances have uncertain-
ties of factors of two to five reflecting both uncertainties in
our knowledge of the abundances in the early solar system
and uncertainties in the nucleosynthesis calculations. As an
example, we have also plotted in Fig. 3 60Fe/56Fe for the
early solar system normalized to C(i, j, k, a, x, t) with a stel-
lar yield for 60Fe enhanced by a factor of two. Recent stellar
models indicate that Woosley and Weaver (1995) underesti-
mated the 60Fe yield in their models (e.g., Rauscher et al.,
2002; Limongi and Chieffi, 2006a, although a consensus
may be developing that the Rauscher et al., 2002 yield is
too high). There are also systematic uncertainties in the
positions of the solar system SLRs in Fig. 3 due to our
choices of parameters such as k, a, and x.

The normalized steady-state abundances for SLRs in the
ISM plot along a linear array with a slope of si/t in Fig. 3.
All of the nuclides on this figure would have reached steady
state in 7.5 Ga. The slope of the array is independent of the
model chosen to describe the stellar production of the nuc-
lides. The position of the array on the diagram depends on
the value chosen for t. Our choice of a galactic age of
7.5 Ga comes from subtracting the age of the solar system
(4.56 Ga) from the best estimate of the age of the galaxy.
The solar system abundances obviously do not fall on the
steady-state trend. Chlorine-36, 26Al, and 60Fe fall well
above the trend, while the other nuclides fall below the
trend.

Note that the solar system would not have inherited the
steady-state abundances at the time of its formation. The
production of newly synthesized material is not continuous,
but occurs in discrete events, and the timescale for solar sys-
tem formation is short with respect to repeat time of these
events and the mixing time for the ISM. The local abun-
dances will oscillate around the steady-state values as newly
synthesized material is added, mixes through the galaxy,
and decays away, with the biggest oscillations occurring
for the shortest-lived species. If the solar system formed
shortly after one of these events, it would have inherited
abundances higher than the steady-state value, but if it
formed significantly after the last event, it would have
inherited lower-than-average abundances of the shortest-
lived nuclides. The other reason that the solar system would
not have inherited steady-state abundances is that the time-
scale for forming a molecular cloud and for a portion of
that cloud to collapse and form the solar system is long
compared to the lifetimes of the SLRs. Thus, there will be
a time DT between the last input of newly synthesized mate-
rial and the formation of the solar system during which the
radioactive isotopes simply decay. Depending on the time
since the last input, some radioactive isotopes might have
completely decayed away. Let us first consider the effect
of DT.

When John Reynolds discovered that 129I was alive in
the early solar system, he attempted to calculate what he
termed ‘‘the age of the elements” by comparing the inferred
129I/127I ratio from the meteorites with the estimated pro-
duction ratio (Reynolds, 1960). He concluded that a time
between the formation of the elements and the formation
of solids in the solar system of !3 " 108 years was required

to explain his data. Hohenberg (1969) broke up nucleosyn-
thesis into three components: (1) an early ‘‘prompt” galactic
production, (2) a subsequent continuous production, and
(3) a ‘‘last spike” of production from a nearby dying star.
Almost simultaneously, Wasserburg et al. (1969) published
essentially the same model. Based on these models and data
for 129I/127I and 244Pu/238Th in the early solar system,
Schramm and Wasserburg (1970) explicitly calculated a
DT between the last input of r-process elements and the
formation of the first solar system solids in the range of
(0.75–2.5) " 108 years. The solid curves in Fig. 3 show the
expected abundances in the case where input of newly

Free Decay 50 Ma
Free Decay 100 Ma
3-phase, Mol. Cld. 10 Ma
3-phase, Mol. Cld. 50 Ma
3-phase, Mol. Cld. 100 Ma
3-phase, Mol. Cld. 300 Ma

Ratio in Early Solar System

Fig. 3. The abundance ratios of SLRs in the early solar system
normalized to a stable isotope produced in the same or similar
nucleosynthetic process and to their effective production ratios (PR/
PS) are plotted against their mean lives sR (data provided in Table
1). The effective production ratios are defined as the term
C(i, j, k, a, x, t) from Eq. (14). The error bar on the 60Fe abundance
ratio reflects the factor-of-two uncertainty in the early solar system
abundance shown in Table 1. The open symbol for 60Fe shows the
effect of increasing the 60Fe production rate by a factor of two (see
text). The data are compared to models for the steady-state
abundances in the interstellar medium, which are estimated using
the model described in Section 2 with k = 1, x = 0.299, and
a = 0.016, calculated for a galactic age of 7.5 Ga. The position of
the steady-state abundance curve moves down on the diagram with
increasing galactic age because of dilution of the SLRs by the stable
reference isotopes. Also shown are model abundances calculated
assuming ‘‘free decay” intervals of 50 and 100 Ma (solid curves).
These curves give abundance for the early solar system assuming
that the solar system material was isolated from inputs of newly
synthesized material for 50 or 100 Ma. The dashed curves give
steady-state abundances for molecular clouds calculated from the
model described in Section 2 with values of T1 = T2 = 10, 50, 100,
and 300 Ma. These abundance curves model the abundances that
would have been available in the Sun’s parent molecular cloud when
it began to collapse to form the solar system. A brief (<!1 Ma)
interval of free decay would have accompanied this collapse.

4928 G.R. Huss et al. / Geochimica et Cosmochimica Acta 73 (2009) 4922–4945

a"

Figure 10: The ESS abundance ratios of SLRs to their stable reference isotope, normalised to their
stellar production ratios, are plotted against their mean-lives τ and compared to models for the steady-
state abundances in the ISM (upper solid line). Also shown are model abundances calculated assuming
the indicated Tisolation (“free decay”, lower solid lines). The dashed curves give steady-state abundances
for molecular clouds calculated using the indicated mixing time scales. The figure is updated from Fig. 3
of [207], the grey arrows point to the values obtained using the revised values for the ESS abundances
of 36Cl, 41Ca, and 60Fe and the new half-life of 60Fe, according to Table 2.
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Figure 11: Times from the last r-process (left panel) and s-process (right panel) events as function of
the δ and K values used in Eq. 15 according to the available SLRs indicated. The dotted lines represent
the uncertainty related to the ESS abundance reported in Table 2 (they are not plotted for 129I because
they overlap with the plotted line).
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Figure 12: Version of Fig. 5 where some of last stellar events to contribute to the Solar
System matter have been dated using the specific SLRs indicated and color coded for the
different events (red: last AGB star, green: last SNIa, and blue: last neutron star merger).
Times are in Myr on a logarithmic scale. The time intervals derive from the error bars on
the ESS ratios, and mostly from the uncertainties in the values of δ (varied between 10 to
100 Myr for the AGB and SNIa nuclei, and between 500 and 1000 Myr for the r-process
nuclei) and of K (varied between 1 and 5). For TGal we used 10 Gyr. Possible uncertainties
in the stellar production rates were not considered.
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Figure 13: Results for selected SLRs from a model that assumes injection from a
single stellar source of initial mass 6, 15, and 25 M�, and a time delay ∆t = 1 Myr.
The predicted 60Fe/56Fe ratios are indicated in each panel. In the 6 M� model,
129I/127I is off scale, many orders of magnitude below unity and 53Mn/55Mn is zero.
Updated from [94].
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458 M. Arnould et al.: Short-lived radionuclide production by non-exploding Wolf-Rayet stars

Fig. 7. Same as Fig. 6, but for Mi = 40 M⊙ and Z = 0.02. The

Z = 0.04 model star does not go through the WC-WO phase, while

the Z = 0.008 case of the WC subset is not represented in view of the

correspondingly low dilution factor d(0) (Fig. 4)

counted for in the approximate range ∆∗ ≈ (1−5) 105 y for the
displayed stars, except for the 60 M⊙ with Z = 0.04, for which
the (41Ca/40Ca)0 ratio is predicted to be lower than 10−8 even
in the limit ∆∗ = 0;

(2) with a few exceptions, the predicted normalized
(36Cl/37Cl)0 ratios are seen to decrease with increasing Z
for a given ∆∗, while they remain roughly constant or de-
crease slightly with increasing Mi. The amount of 36Cl in
the WC-WO winds could account for the very uncertain limit
(36Cl/37Cl)0 <∼ 10−8 (Jordan and Pernicka 1981) for ∆∗ >∼ (2−
3) 106 y, roughly independent of mass and metallicity;

(3) our calculations predict that 97Tc and 99Tc are carried by
the WC-WO winds. Their decay might lead to meteoritic ex-
cesses of Mo and Ru, respectively. It may look surprising that
some 97Tc can emerge from a neutron capture process, while
it is a neutron-deficient isotope classically attributed to the p-
process. Its production in the WR stars results in fact from
the transformation of the assumed initial (solar) 96Ru amount
by 96Ru (n , γ) 97Ru (β+)97Tc. The derived neutron irradiation is
sufficient for such a chain to develop, but low enough to not de-
stroy all the 97Tc produced in such a way. In its turn, this weak
97Tc destruction implies in fact an insignificant 98Tc production.

It is seen that (97Tc/100Ru)0 is larger or smaller than
(99Tc/100Ru)0 for ∆∗ values lower than the half-lives of the
two considered Tc isotopes. This results from the fact that the
former ratio increases with increasing Z, while the reverse is
observed for the latter one. In both cases, no clear trend emerges
for varyingMi at givenZ. In all cases, 99Tc is less abundant than

97Tc for ∆∗ >∼ 105 − 106 y. This of course relates directly to
the fact that 97Tc is longer-lived than 99Tc.

A possible excess of 99Ru has been reported by Yin et al.
(1992) in a magnetic fraction of the Moralinga carbonaceous
chondrite, and is tentatively attributed to the presence of live
99Tc in the early solar system. On the other hand, no unam-
biguous trace of the possible existence of live 97Tc has been
discovered to-date from measurements of the Mo isotopic com-
position (Qi Lu & Masuda 1991, 1992). A further search, and
the confrontation of its (either positive, or negative) results with
our theoretical expectations regarding the loading of WR winds
with Tc would be very interesting;
(4) normalized (205Pb/204Pb)0 ratios between 10−4 and 10−3

are obtained, in agreement with earlier predictions by Arnould
and Prantzos (1986) and Arnould (1993). Those values ex-
ceed largely the experimental upper limit of 9 10−5 (Huey and
Kohman 1972).

The particular nuclear physics, astrophysics and, possibly,
cosmochemistry interest of the 205Pb–205Tl pair has been dis-
cussed in detail elsewhere (Yokoi et al. 1985). Let us just men-
tion here that it might very usefully complement other radionu-
clide data, as 205Pb might be a pure s-process nucleus. In addi-
tion, it has been shown by Yokoi et al. (1985) that other stud-
ies (e.g. Blake and Schramm 1975) have underestimated the
s-process 205Pb/204Pb production ratio, in particular as a result
of a drastic underestimate of the 205Pb effective lifetime in cer-
tain stellar conditions. This relates to the neglect of the 205Tl
bound-state β-decay, which can effectively hinder the 205Pb de-
struction in a quite large variety of astrophysical environments.
This work reinforces the view (Yokoi et al. 1985) that the 205Pb–
205Tl pair is not necessarily a farfetched s-process chronometer,
and gives more credit to a plea for a renewed search for extinct
205Pb in meteorites (see Chen and Wasserburg 1994);
(5) other short-lived nuclides are present in more or less large
amounts in the WC-WO winds, like 93Zr or 135Cs. However, the
decay of the first one to 93Nb cannot lead to observable isotopic
anomalies in view of the monoisotopic nature of Nb. As far as
135Cs is concerned, the normalized (135Cs/133Cs)0 ratio is found
to lie approximately between 10−6 and 10−5 for ∆∗ <∼ 107 y
for stars of the WC subset with Z ≥ 0.008, except for the
40 M⊙ case with Z = 0.008, where (135Cs/133Cs)0 <∼ 10−6. At
this point, it appears premature to try confronting these predic-
tions with the somewhat confusing experimental searches for
the signature of the 135Cs decay in the Ba isotopic composition
(McCulloch & Wasserburg 1978, Harper et al. 1991, 1992)

As far as 182Hf is concerned, it is found that the normalized
(182Hf/180Hf)0 ratio never exceeds a value of about 10−11 for
the Z ≥ 0.008 stars of the WC subset except in the Z = 0.008
40 M⊙ case, where a ratio of about 10−10 is reached. At present,
there is just an observational hint for the presence of 182Hf in
the early solar system (Harper and Jacobsen 1994).

4.4. The case of 26Al

It is widely recognized nowadays that the radionuclide 26Al
(t1/2 = 7.3 105 y) is of crucial importance in γ-ray astronomy

107Pd 

Figure 14: Ratios of SLRs to stable isotopes of reference [97] (the labels only indicate
the SLR) predicted in the material obtained by mixing matter of Solar System
composition with the winds of a WR star of initial mass 40 M� and metallicity
0.02, and let the mixture decay for the time ∆∗ (the x-axis). The dilution factors
1/f are calculated as a function of ∆∗, such as the 107Pd/108Pd ratio is set to 2×10−5.
They range between roughly 1500 and 3000, as indicated on the solid flat line at
2 × 10−5. The thicker parts on the 41Ca and 36Cl lines represent the range of ESS
ratios considered by [97]. Credit: Arnould et al., A&A, 321, 452, 1997, reproduced
with permission c©ESO.
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Figure 15: Total energy available for heating from radioactive decay per gram of material in
the Solar System (CI meteorite composition) after the initially present isotope has completely
decayed. For 10Be/9Be a value of 1 ×10−3 was used. For 60Fe also the situation for a high
abundance (60Fe/56Fe = 5 ×10−7 as compared to 1.01 ×10−8 given in Table 2) is indicated.
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Figure 16: Net energy output as a function of time, starting 50,000 years after time zero,
defined as the time when the nuclei start to decay. For the half-life of 146Sm we used the 103
Myr value. The initial abundances of 10Be and 60Fe are taken as indicated in Fig. 15.
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14 Fred J. Ciesla

Fig. 5.— Properties of only those planets which reside in the Habitable Zone for each star at the end of the simulations as a function of
stellar mass. Top panel shows the masses of the Habitable Zone planets, and how such planets exhibit greater ranges in values for higher
mass stars. This is due to the more extensive gravitational interactions that occur in the higher mass disks which accompany such stars,
and thus the more chaotic nature of this evolution. Growth around lower mass stars is much more orderly. The lower panel shows the
water mass fractions for the Habitable Zone planets in this simulation, showing that the low mass stars, due to the low masses of the disks
around them, do not see significant inward scattering of water-rich bodies during planetary accretion, while inward scattering is occurs
more readily in the more massive disks (either the IC cases or higher mass stars).

Figure 17: The water mass fraction in terrestrial planets in the habitable zone of
stars of mass between 0.2 and 1.2 M� as computed by the dynamical models of
[295] starting from planetesimals of different composition. The different data points
show the outcomes of different simulation runs. Open symbols represent planets
produced in simulations where planetesimals beyond the snow line have the same
water content (5%) as carbonaceous chondrites (CC), which are believed to come
from the same type of planetesimals that were the source for most of Earth’s water.
Asterisks represent planets produced in simulations where planetesimals beyond the
snow line have 50% water content (IC, for icy). The red rectangle represents the es-
timates for the water mass fraction of the Earth. Figure modified from Ciesla et al.
“Volatile Delivery to Planets from Water-rich Planetesimals around Low Mass Stars”
(https://doi.org/10.1088/0004-637X/804/1/9) [295] c©AAS. Reproduced with per-
mission.
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