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Abstract

Several short-lived radionuclides (SLRs) were present in the first few million
years of Solar System history. Their abundances have profound impact
on the timing of stellar nucleosynthesis events prior to Solar System for-
mation, chronology of events in the early Solar System, early solar activity,
heating of early-formed planetesimals, and chronology of planet formation.
Isotopic analytical techniques have undergone dramatic improvements in
the past decade, leading to tighter constraints on the levels of SLRs in the
early Solar System and on the use of these nuclides for detailed chronologi-
cal studies. This review emphasizes the abundances of SLRs when the Solar
System formed and how we know them, and briefly discusses the origins of
these nuclides and applications in planetary science.
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INTRODUCTION

Many short-lived radionuclides (SLRs) were present in the first few million years of Solar System
history. Their presence is inferred through excesses in daughter isotopes (compared to normal
terrestrial isotopic composition) in various materials found in primitive meteorites. Studies of
SLRs have been underway for more than 60 years, beginning with the discovery of excess '*°Xe
from 121 (T, = 16.14 Ma) (1), but even before that, 2°Al (T}, = 0.717 Ma) was appealed to as
a source of heat for melting asteroids (2). There are now 14 confirmed SLRs that were present
at the birth of the Solar System, the most recent being *’Cm (3, 4), along with 4 SLRs with
significant upper limits. Several comprehensive reviews of the SLRs and their application to early
Solar System (ESS) chronology have been written, with the most recent ones written about a
decade ago (5, 6). Rather than repeat what has been written in those reviews, I have chosen to
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emphasize progress made in the decade since the last one (6) was written in 2012, starting with
a description of how ESS SLR abundances are determined, continuing with current estimates
of SLR abundances, and concluding with brief discussions of sources of SLRs and impacts on
planetary science.

MEASUREMENTS AND A LITTLE COSMOCHEMISTRY
Measurements

Detailed studies of the abundances of SLRs require high-precision isotope ratio measurements
on samples or subsamples with relatively low parent-to-daughter ratios or high spatial resolution
measurements on individual phases that have high parent-to-daughter ratios. The field of SLRs
in the ESS has blossomed in the past couple of decades with refinement of two important an-
alytical techniques, multicollector inductively coupled plasma mass spectrometry (MC-ICPMS)
and multicollector secondary ion mass spectrometry (MC-SIMS), particularly for significantly im-
proved precision of measurements of small excesses in the abundances of daughter isotopes. Also
important has been the development of laser resonance ionization mass spectrometry (RIMS) and
intense, well-focused primary ion beams for SIMS.

Bulk Measurements

Measurements of bulk meteorites and inclusions within them are now predominantly done by
MC-ICPMS (7), although important contributions by thermal ionization mass spectrometry
(TIMS) have also been made (8). For both ICPMS and TIMS, careful dissolution and chemi-
cal separation of the element of interest, usually in a sophisticated clean laboratory, are necessary.

In ICPMS, an aerosol is generated from an aqueous solution of the sample and introduced into
an argon plasma torch at 1 atm, where essentially all elements are efficiently ionized, predomi-
nantly to a charge of +1. This plasma torch is aimed at a small hole in a cone, which introduces
the plasma into the vacuum system of the mass spectrometer, where the ions are accelerated, fo-
cused, mass analyzed, and detected. In the MC-ICPMS instruments used for high-precision iso-
topic work, an array of ion detectors is used to simultaneously collect all isotopes of the element
of interest. These detectors can be Faraday cups for intense beams or electron multipliers for
lower-intensity beams. The ICPMS has the advantage that nearly any element can be isotopi-
cally analyzed with high efficiency; however, the ions are made in a 1-atm plasma and must be
introduced into the vacuum system of the mass spectrometer. This comes at a considerable cost
in useful yield (ions counted in detectors per atom introduced into the plasma). The high ioniza-
tion efficiency can also be a disadvantage, as it requires clean separation of the element of interest
from other elements having isobars (e.g., *®Fe and *®Ni). There can be subtle effects on isotopic
composition from other noninterfering elements in solution or from acid strength, so it is impor-
tant to match the chemical composition of sample and standard solutions. Compared with TIMS,
ICPMS has the advantage that one can rapidly switch between introducing sample or standard
into the plasma, and sample-standard bracketing is the normal mode of operation. This capability
allows precise measurement of natural mass-dependent isotopic fractionation effects. For example,
current analytical techniques used for magnesium by MC-ICPMS give isotope ratio precisions of
a few parts per million (9).

In TIMS, a solution of the element of interest is evaporated onto a filament made of a
refractory element, such as tantalum. The filament is then placed inside the mass spectrometer
vacuum system and heated until singly charged positive (or negative) ions are generated. These
ions are then accelerated, energy filtered, mass analyzed, and detected with a multiple collector
array. It is not practical to frequently switch between filaments loaded with sample and standard;
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furthermore, varying degrees of isotopic mass fractionation occur during thermal evaporation,
so TIMS is significantly less precise than MC-ICPMS for mass-dependent isotopic fractionation
measurements. There is a significant range in ionization efficiency for different elements and the
community can be secretive about chemical separation techniques and elements or compounds to
add to the filament to increase ionization efficiency. For mass-independent fractionation effects,
due to radioactive decay of a parent isotope or due to isotopic variations of nucleosynthetic origin,
both MC-TIMS and MC-ICPMS can achieve precisions of a few parts per million.

In Situ Measurements

Nearly all in situ isotopic data used to infer the former presence of SLRs come from SIMS
using either a multicollector for intense secondary ion beams or a single collector for some
low-concentration measurements (10). Laser ablation MC-ICPMS, in which aerosol particles
generated by laser ablation of samples are introduced into the plasma torch, has seen limited
use in the study of SLRs. This technique has the advantage of speed and avoidance of chemical
separation, but all elements in the sample are ionized, often leading to isobaric interferences.

The limited useful yield (atoms detected per atom removed from the sample) of SIMS and
ICPMS and isobaric interferences in SIMS and laser ablation ICPMS have motivated the de-
velopment of RIMS, in which sputtered or laser-ablated neutral atoms are resonantly ionized by
several tunable lasers. This technique offers the ability to ionize only the element of interest,
practically eliminating isobaric interferences, as well as a high useful yield (11, 12).

Complicating Factors

Studying SLRs via mass spectrometry can incur complications. Isobaric interferences can cause
issues in SIMS or laser ablation ICPMS measurements, in which ions of many elements can be
introduced into mass spectrometers, and in ICPMS or TIMS when chemical separations are in-
complete. Some of these interferences can be eliminated by operating at high mass resolution.
For example, in SIMS, *8Ca’* interference on **Mg™*, or *MgIH™ interference on 2’ Mg", can be
eliminated by operating at a mass resolution (M/AM) of a few thousand, which modern instru-
ments are capable of. Other interferences, such as **Fe* on **Ni*, which is useful for studying the
60Fe-"Ni system, require mass resolution beyond the capability of even large-radius instruments
such as the Cameca IMS-1280 SIMS or Nu Plasma 1700 ICPMS, but can be dealt with by ICPMS
or TIMS with chemical separations or by RIMS (11).

Some SLR systems have been studied only by high-precision isotopic analyses on samples with
low parent/daughter ratios, such as the 2Hf-!82W system. Here, exposure to cosmic rays for tens
to hundreds of millions of years can modify isotope ratios due largely to neutron-capture effects
from secondary neutrons generated by galactic cosmic rays. For tungsten isotopic studies of iron
meteorites, platinum isotopes have been used to correct for cosmic-ray exposure effects.

Finally, isotopic mass fractionation, which is a function of mass differences between pairs of
isotopes, can occur in nature, due to kinetic and equilibrium effects, and in mass spectrometers,
due to mass-dependent differences in evaporation of isotopes from filaments in TIMS, in matrix-
dependent sputtering of secondary ions in SIMS, or in transport of ions within mass spectrometers.
The laws defining the relationship between isotope ratio pairs of elements with three or more
isotopes are not the same for different natural or analytical processes. The consequences of this
have been explored for magnesium isotopes (13).

A Primer on Meteorites and Their Inclusions

Meteorites can be divided into two major groups: chondrites, which are generally sedimentary
rocks that accreted on asteroidal parent bodies, and achondrites, which result from melting and
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differentiation of asteroidal parent bodies. Most chondrites have experienced some heating and
thermal metamorphism or low-temperature aqueous alteration on their parent bodies, so stud-
ies of SLRs have focused on objects from primitive carbonaceous and unequilibrated ordinary
chondrites where such effects are minimal. SLRs have also been studied in differentiated mete-
orites, which include silicate rocks that likely come from Vesta and other differentiated asteroids;
stony-iron meteorites from mantles or core-mantle boundaries; and iron meteorites from cores
of differentiated asteroids. For more on classification of meteorites, see Reference 14.

The oldest objects formed in the Solar System are calcium-, aluminum-rich inclusions (CAIs).
The current widely accepted absolute age of the Solar System comes from the uranium-corrected
Pb-Pb dating of leachates from four CAls, which gives an age of 4567.30 & 0.16 Ma (15, 16).
There is also a slightly older uranium-corrected Pb-Pb age of 4567.94 £ 0.31 Ma, based on min-
eral separates and leachates of a CAI, published only in an abstract (17) but widely quoted. These
CAIs have the highest levels of many SLRs among Solar System materials. CAls come in many va-
rieties (18). Researchers have conducted many studies of CAls in CV chondrites (14), which tend
to be larger than CAls in other types of carbonaceous chondrites, commonly up to 1 cm across
(18). These CAIs have been subdivided on the basis of mineralogy and bulk chemical composition.
Type A CAlIs are dominantly melilite (Ca, Mg, Al,_»,Si;+,07) and spinel (MgAl, O4), with minor
amounts of perovskite (CaTiOj3), hibonite (CaMg, Tit*,Alj>_,,O19; x < 1), and a Ca-, Al-rich py-
roxene widely referred to as fassaite, which is a solid solution of diopside (CaMgSi; Og), kushiroite
(CaAl,SiOg), grossmanite (CaTit?AlSiOg), and CaTit**Al,Og. Type A CAls are further subdi-
vided into compact, which appear to have been melted, and fluffy, which may be direct nebular
condensates. The Type B CAlIs consist of melilite, fassaite, spinel, and anorthite (CaAl,Si, Og);
these are subdivided into B1 CAIs, which have a melilite-rich mantle, and B2 CAIs, which do not
have a mantle. There are also forsterite-rich Type B CAls (FoBs), which are made of forsterite
(Mg, Si0y), melilite, fassaite, and spinel. Type C CAls consist of anorthite, melilite, fassaite, and
spinel. All three kinds of Type B CAIs, as well as Type C CAls, were melted and have fully crystal-
lized, as they contain no glass. Also important are fine-grained CAls, so named because they are
opaque when viewed in a 30-pm-thick polished thin section with an optical microscope. The fine-
grained CAls preserve evidence of high-temperature condensation and evaporation (18, 19), but
they have not been melted. CAls in other kinds of carbonaceous chondrites are smaller, mostly
less than approximately 200 um across, and are Type A, spinel-rich (with spinel, diopside, and
perovskite), spinel-hibonite (SHIBs), or monomineralic hibonite crystals [known as platy crystals
(PLAC:s)]. The PLACs and rare Type A or B CAls in CV chondrites, called FUN (fractiona-
tion and unidentified nuclear), have outsized importance relative to their abundance because they
have nucleosynthetic isotope anomalies in many elements, and often have large mass-dependent
enrichments in heavy isotopes of oxygen, magnesium, and silicon, indicating high-temperature
evaporation (20).

Also important are chondrules, spherical silicate balls that were rapidly heated and cooled in
space and are the dominant component of chondritic meteorites. They usually consist of olivine
(Mg;_.Fe,SiOy), pyroxene (Mg,_.Fe,Si;Og), and calcium-, aluminum-silicate glass. Occasional
aluminum-rich chondrules can contain anorthite, which has a high Al/Mg ratio and is important
for 26Al-6Mg dating. Amoeboid olivine aggregates are another type of object in carbonaceous
chondrites that have some importance for 2°Al-**Mg dating. These appear to be predominantly
solar nebular condensate aggregates made of forsterite, but they can have inclusions of CAls. For
more on chondrites and their components, see Reference 21.

Another important feature of meteorites that has become recognized in the past decade
is that there appear to be two major isotopic reservoirs in the ESS: the CC (carbonaceous
chondrites) group, which consists of all types of carbonaceous chondrites and some groups of
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iron meteorites, and the NC (noncarbonaceous chondrites) group, which consists of ordinary
chondrites, most achondrites (stony, iron, and stony-iron), and the Earth, the Moon, and Mars. It
has been suggested that these two groups might have been separated by Jupiter’s orbit. The two
groups can be recognized by differences in oxygen, calcium, titanium, chromium, iron, nickel,
zirconium, molybdenum, ruthenium, and neodymium isotopes (22-24).

Isochron Diagrams

The former presence of an SLR is inferred from an isochron diagram (for an example, see
Figure 1) in which the isotope ratio of the daughter isotope normalized to a nonradiogenic
isotope of the same element is plotted against the ratio of a stable isotope of the element of
the short-lived isotope normalized to the same nonradiogenic daughter isotope. If the system is
well-behaved, a statistical fit to the data will yield a linear array termed an isochron. The slope
of the isochron gives the ratio of the SLR to a nonradioactive isotope of the same element at the
time of formation of the object. The intercept of the isochron gives the initial isotope ratio of
the daughter isotope normalized to a nonradiogenic isotope of the daughter element. The statisti-
cal fit to the isochron should take into account the uncertainties in both the x- and y-directions for
each data point, as well as any correlation between the uncertainties. A commonly used measure
of goodness-of-fit is the mean square weighted distribution (MSWD). An MSWD value outside
the range 1 & 2opswp, where 2oymswp = +/2/(n — 2) and # is the number of data points, indicates
that there is scatter about the isochron beyond that expected from the analytical uncertainties
of the data points. Low MSWD values outside this range indicate that uncertainties have been

26A1/27Al =52 x 107°
Early Solar System value

525Mg* (%)
S
T

26A1/27A1 = (4.81 +0.11) x 105 = CAl bulk isochron
MSWD = 0.72 - NWA3118 CAI 1N-b
CAl crystallization o CAl melilite
AT =0.081+0.023 Ma | O CAl fassaite
< CAl spinel
—— CAlinternal isochron
Asuka 12236 chondrule A21
@ Chondrule anorthite
@ Chondrule pyroxene
= Chondrule internal isochron

26A1/27Al = (4.65 £ 0.51) x 1076 J
MSWD =0.83

Chondrule crystallization
AT=250+0.11 Ma

Figure 1

10 20 30 40 50
27p124Mg

Examples of internal isochrons for the 26Al-26Mg system for CAI 1N-b from the CV chondrite NWA 3118 (150) and for chondrule
A21 from the CM2.9 chondrite Asuka 12236 (141). The slopes of the isochrons correspond to the 26Al/?7 Al atom ratios at the

time of crystallization of the two objects. The intercepts of the isochrons give the 826Mg* values in parts per thousand (%) of all
minerals in each object at the time of crystallization. The 8°°Mg* then grows in proportion to the 27 Al/?*Mg atom ratio as 26Al decays
(T2 = 0.717 Ma), reaching the current measured values within a few million years. The crystallization times of the CAI and
chondrule are given relative to the initial 26 A1/27 Al ratio of the Solar System, which comes from bulk CAls (44, 45) and was established
when refractory aluminum was fractionated from less-refractory magnesium by high-temperature processes in the solar nebula.
Abbreviation: CAlI, calcium-, aluminum-rich inclusion.
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overestimated; high MSWD values can have many causes, including partial isotopic exchange of
some data points with surrounding phases at a later time, underestimation of uncertainties, and
unrecognized interferences. There are also two types of isochrons: internal and bulk. An internal
isochron is made from data points collected on individual minerals from a single object formed
by crystallization from a melt or solution or by condensation from a vapor. It gives the parent-
to-daughter ratio of an SLR at the time of crystallization. A bulk isochron consists of several bulk
meteorites or whole CAls or chondrules; it gives the parent-to-daughter ratio of an SLR at the
time of igneous differentiation of an asteroid or at the time of vapor-solid fractionation of elements
in the solar nebula leading to an ensemble of objects like CAls or chondrules. The systematics of
isochron diagrams are explained in more detail elsewhere (e.g., 25), but examples of a bulk CAI,
an individual CAl, and an individual chondrule 26Al-**Mg isochron are shown in Figure 1. Mass
spectrometers can measure relative isotope ratios much more precisely than absolute isotope
ratios. For this reason, it is common to express isotope ratios as deviations in parts per thousand
(3-values), parts per ten thousand (g-units), or parts per million (u-values) relative to a standard
material. For example, for magnesium, $*Mg = [(ZéMg/zA'Mg)sample /(Mg /**Mg)standard — 1] X
1000. Standard materials are chosen to be uniform in isotopic composition, easily available, and
as close as possible to bulk Earth isotopic composition. If isotope ratios have been corrected for
mass fractionation effects, they are often designated with an asterisk, e.g., 3*°Mg*.

EARLY SOLAR SYSTEM ABUNDANCES

ESS SLR abundances are given in order of atomic mass in this section and are current as of 2022.
The values are summarized in Table 1 and discussed in detail below.

"Be

"Be is the shortest-lived radionuclide whose presence has been claimed in Solar System materi-
als; it decays by electron capture to ’Li with a half-life of 53.22 & 0.06 days (26). This half-life
is so short that any "Be in Solar System materials must be of local origin and cannot be a prod-
uct of stellar nucleosynthesis. The first reported possible presence of "Be was in the Type Bl
CAI Allende 3529-41 (27). This CAI had a well-defined internal isochron, indicating in situ 1*Be
decay (see below) but some signs of disturbance of its 2°Al-2Mg isochron (28). In the 7Li/®Li
versus “Be/®Li internal isochron, a significant fraction of the data that missed the trajectory ex-
pected for closed-system crystal fractionation on a Be versus Li concentration plot was excluded
(27). A recalculation of the corrections for cosmogenic lithium isotopes in the sample, based on
a new evaluation of cosmic-ray production rates (29), did not change the slope of the isochron,
which remained consistent with the original value of "Be/?Be = 0.0061 = 0.0013 (27). However,
the correlation does not seem to be linear (29). This is perhaps to be expected because the half-
life of "Be is comparable to the inferred crystallization times of molten CAls (hours to days). A
recently reported isochron from Efremovka 40, a Type B CAI, had a slope corresponding to
"Be/?Be = 0.0012 £ 0.0010 (30), lower than the original value of 0.0061 % 0.0013 (27). There
is too much scatter in the data to infer the linearity of this correlation. Also, this CAI has an
26A1/%7 Al age of 0.45 £ 0.30 Ma after initial formation of CAls. The possible presence of 'Be in
CAIs remains controversial because of the extremely short half-life and the large corrections to
lithium isotopic data for cosmic-ray exposure effects. Adding to these complications, lithium is
a light element that isotopically fractionates significantly during diffusion and diffuses extremely
rapidly (31). Diffusive fractionation of "Li/®Li of a few tens of permil, comparable in magnitude to
the 7Li/%Li excesses attributed to ’Be decay, has been found in natural materials, such as Martian
basalts (e.g., 32) and chondrules (33). Finally, at low concentrations, analytical uncertainties are
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Table 1 SLRs once existing in Solar System objects; shaded rows indicate SLRs with unconfirmed or uncertain

abundances
Parent Daughter |Estimated initial Solar System
Fractionation® | nuclide | Half-life (Ma)® nuclide abundance Objects found in | Reference(s)
Nebular "Be 53.22 £0.06d "Li (6.1+13) x 1073 x 'Be CAI 27
Nebular 10Be 1.387 £ 0.0012 10 (7.3 £ 1.7) x 107* x ?Be CAls 36; this article
Nebular, 26A] 0.717 + 0.024 26Mg (5.20 £0.13) x 107° x 27Al |CAlIs, chondrules, |44, 45
planetary achondrites
Planetary 3¢l 0.3013 £ 0.0015 365, 36Ar (1.7-3.0) x 10~° x 3°Cl CAIs, chondrites |55
Nebular #Ca | 0.0994 £0.0015 HK 4 %107 x ¥Ca CAIs 62
Nebular, 3 Mn 3.7+04 3Cr (7+1)x107% x Mn CAlIs, chondrules, {69
planetary carbonates,
achondrites
Nebular, 60Fe 2.62 £0.04 6ONi (1.01 £ 0.27) x 1078 x Fe |Achondrites, 79
planetary chondrites
Planetary 22Nb 347424 27r (1.66 £ 0.10) x 10~° x *Nb |Chondrites, 89
mesosiderites
Planetary ATy 421+0.16 97Mo <1 x 1076 x 2Mo Iron meteorites |90
Planetary T 42+03 %Ru <2 x 107° x %Ru Iron meteorites |91
Planetary 107pq 6.5+0.3 1077 (5.9£2.2) x 107 x %Pd  |Iron meteorites, |94
pallasites
Planetary 126G 0.230 £ 0.014 126 <3 x 1076 x 124Sn Chondrules, 101
secondary
minerals
Planetary 1291 16.14 £ 0.12 129Xe (1.35 £ 0.02) x 10~* x 27T |Chondrules, This article
secondary
minerals
Nebular 135Cs 1.33 £0.19 1358, <2.8 x 1076 x 133Cs CAIs, chondrites |109
Planetary 146Sm 103 & 5¢ Nd (840 £ 0.32) x 1073 x ¥Sm |Planetary 114
differentiates
Planetary 182f 8.90 + 0.09 182w (1.018 4 0.043) x 10~* x '80Hf|CATs, planetary ~ |117
differentiates
Planetary 205pp 17.0 £ 0.9 20571 (1.8 £1.2) x 1073 x 2%Pb  |Chondrites 121
Planetary 24py 81.3+0.3 232Th; fission| (7.7 £0.6) x 1073 x 233U |CAIs, chondrites |123
Nebular 247Cm 15.6 £0.5 3y (5.6+£03) x 1073 x 23U |CAIs 4,55

*Environment in which most significant parent-daughter fractionation processes occur.
Half-lives in mega-annum (Ma) (26), except " Be.

¢Data from References 110 and 111.

Abbreviations: CAI, calcium-, aluminum-rich inclusion; SLR, short-lived radionuclide.

often dominated by Poisson statistics from the low number of counts. In the isochron diagram

used, "Li/®Li versus *Be/°Li, both ratios are quite high because of the low natural abundance of

°Li and the need to find high Be/Li phases to detect ’Li excesses. One would expect correlation in
the errors of the two quantities, but all published statistical treatments of the data for the "Be-"Li
system regard the two uncertainties as independent. For all these reasons, it cannot be said with
confidence that CAls formed with some live "Be.
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IOBe

10Be has a half-life of 1.387 & 0.012 Ma (26) and decays to '°B. The amount of '°Be inferred in
a sample comes from the slope on a 1°B/!'B versus *Be/!!B internal isochron plot, and the first
such convincing isochron in a CAI corresponded to a '"Be/?Be ratio of (9.5 & 1.9) x 10~ in
a CAI (34). Subsequent internal isochrons in CAls from CV, CH, and CH/CB chondrites (35,
36) show a range of (0.2-10) x 1073, with the highest ratio of 1072 for a CAI from the Isheyevo
CB/CH chondrite (37). There appears to be no correlation between inferred °Be/’Be ratios in
CAIs and 2Al/*” Al, which is likely to be a chronometer in CAls. Inferred '"Be/?Be ratios are from
0.17 x 107 t0 6.1 x 1073 in CAIs from the Sayh al Uhaymir 290 CH and Isheyevo CH/CB chon-
drites (35). These CAls contain no detectable excess 2 Mg and are inferred to form before 2 Al was
introduced into the Solar System (although formation after 2°Al decay cannot be excluded). These
new results are consistent with earlier measurements showing no relationship between Al and
10Be, which is to be expected if °Be is made within the Solar System by spallation from cosmic
rays. A measurement of both 1°Be/’Be and °'V/>V in six CAIs from two CV3 chondrites found
that these quantities covary (38), as expected for solar cosmic-ray irradiation. However, more re-
cently it was found that °'V/*°V was well correlated with #Sr/36Sr, showing that the vanadium and
strontium isotopic variations were due to evaporative mass fractionation and unrelated to cosmic-
ray irradiation and '°Be production (39). A new study by Dunham et al. (36) has nearly doubled
the number of CAls measured for '"Be-1"B systematics through internal isochrons and sought to
rectify the overrepresentation of CV chondrite CAls by analyzing many CAIs from CR, CH/CB,
and CO chondrites. These authors also reprocessed literature isochrons to provide a consistent
treatment of the entire °Be-!B data set. They found that most normal CAls have an inferred
10Be/?Be ratio of ~7 x 10~*. The data are shown in Figure 2, which shows the kernel density
estimate (KDE), which peaks at a °Be/”Be ratio of ~7 x 10~* for normal CAls with a tail toward
higher values. FUN and PLAC CAls, which tend to have lower 2°Al/?” Al and nucleosynthetic iso-
tope anomalies and lower "Be/?Be values of (4-5) x 10, show a broad KDE curve. Also shown
are probability distribution function (PDF) curves for all the individual CAls used to calculate the
KDE curves. CAls with uncertainties of more than 50% of the value were excluded from Figure 2.
Vermeesch (40) argues that PDF curves, made by summing all the individual PDFs, are not statis-
tically valid and that KDE curves should be used. The normal CAls have near-canonical values of
26A1/%7Al = (4-5) x 107°, indicating that they formed within ~200 ka of one another. It was pro-
posed that the ESS °Be/?Be ratio was ~7 x 107* and reflected presolar steady-state production
in the interstellar medium and protosolar molecular cloud (36). We adopt the peak value from
Figure 24 for normal, non-FUN CAIs with MSWD values indicating a good isochron fit (36)
and uncertainties of less than 50%, (7.3 £ 1.7) x 107, for the ESS value, with the uncertainty
based on the full width at half maximum of the KDE curve. The KDE curve for FUN CAIs indi-
cates a '"Be/?Be value of (4.5 & 4.0) x 10~*. There are a few normal CAIs with °Be/’Be ratios
significantly higher than the ESS value. The high values are attributed to local irradiation effects
in the Solar System (36). This is consistent with the recent discovery of large excesses in helium
and neon in some hibonite-rich CAls that also formed early in Solar System history (41).

26A1

26 Al has a half-life of 0.717 & 0.024 Ma (26) and decays to 2*Mg by positron emission and electron
capture. *Al was one of the first SLRs discovered (42) in a bulk isochron composed of several
CAIs. The first 2°Mg/**Mg versus >’ Al/**Mg internal isochron of a CAI (43) established the ESS
26A1/%7 Al ratio as (5.1 & 0.6) x 107>, a value that has not changed much in the past 45 years. There
is no question that there was live 2°Al present in the ESS, and the ESS 26Al/?’Al ratio in CAls,
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(4) KDE (40) diagram of ESS '°Be/?Be ratios for normal and FUN CAls. The two curves are normalized so that they have the same
peak height. (b)) PDFs for individual normal and FUN CATs. Each PDF has the same area under its curve. Data from Dunham et al.
(36), who compiled literature and their own data for CAls with good isochron fits suggesting no later disturbance, and from one normal
CAI from Bekaert et al. (39). CAlIs with uncertainties greater than 50% of the value were excluded. The overall distribution of normal
CAIs peaks at 19Be/?Be = (7.3 + 1.7) x 10~* (+FWHM) with no clear outliers to the low side and a few CATs with higher °Be/?Be.
The peak value is considered to be the ESS value inherited from the parental molecular cloud and the high-'"Be/"Be tail the result of
local Solar System irradiation effects (35). The FUN and PLAC CAIs tend to have lower 1°Be/?Be = (4.3 + 3.0) x 10~* (+:FWHM).
Abbreviations: CAl, calcium-, aluminum-rich inclusion; ESS, early Solar System; FUN, fractionation and unidentified nuclear;
FWHM, full width at half maximum; KDE, kernel density estimate; PDEF, probability distribution function; PLAC, platy crystal.
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5.2 x 107, is now well established (44, 45) from bulk isochrons that measure the time of Al/Mg
fractionation in the precursors to CAls. Internal isochrons of individual CAls show a range of
26A1/%7 Al ratios from near 0 to ~5.2 x 10~ (Figure 3).

The data used to construct the isochron composed of several whole CAlIs were collected at high
precision by MC-ICPMS. Because CAls have significant mass fractionation effects in magnesium
isotopes of a few permil per atomic mass unit, the mass fraction law used can have a significant
effect on the slope and intercept of the isochron. The mass fraction law for vacuum evaporation
of CAI melts has been measured in the laboratory (13). The law is slightly different from the
so-called exponential law that is widely used to correct mass spectrometer data. The widely cited
(44) ESS 26Al1/?7 Al ratio of (5.23 £ 0.13) x 10~ is based on a bulk isochron of several CAIs with
mass fractionation corrected with the exponential law. Using the experimentally determined mass
fractionation law changes the ESS 26Al/?’Al ratio to (5.20 £ 0.13) x 107 (44, 45), which we
adopt here. The intercept of this isochron is §?*¢Mg* = —0.040 £ 029%o (44), which agrees with
the expected ESS 8*Mg* value of —0.038%o (where terrestrial $26Mg is defined as zero). A precise
bulk isochron of several whole CAls and amoeboid olivine aggregates has a slope corresponding
to an 26Al/?7Al ratio of (5.25 & 0.02) x 107~° and an intercept of §?Mg* = —0.0159 £ 0014%o
(46). These data were corrected with an exponential mass fractionation law. An exploration of
the effect of the mass fractionation law (13) found that using the experimentally measured mass
fraction law significantly affects the data and increases the scatter, because of the range in mass
fractionation effects among the individual CAls. The intercept of the high-precision isochron
is significantly different from —0.038%o, and it was proposed that the 2Al/?’ Al ratio in the ESS was
heterogeneous and might be lower where chondrules formed (46). Additional data on several CAls
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(4) KDEs of 26Al/?7 Al in 98 normal and 72 FUN and PLAC CAIs compared with the PDF of bulk CAls (44, 45), which is taken as the
ESS value. The curves are normalized so that they have the same peak height. (4) PDFs of 26Al/?” Al in individual normal and FUN and
PLAC CAISs from internal isochrons. Each PDF has the same area under its curve. Internal isochrons were published mostly in the past
10 years (36, 45,47, 143-146, 150-178). () KDE of 26Al/?’ Al in 31 chondrules from unmetamorphosed NC meteorites, 87 chondrules
from unmetamorphosed CC meteorites, and 9 achondrites, normalized so that they have the same peak height. (d) PDFs of 26A1/%7 Al in
chondrules in individual achondrites and unmetamorphosed CC and NC chondrites from internal isochrons. Data for CC chondrules
(141, 155, 179-189), NC chondrules (142, 190), and achondrites (68, 114, 191-197) are also from the past 10 years or so. The two
groups of chondrules have different 26Al/27 Al distributions, but interpreted as a chronometer, NC and CC chondrules mostly formed
~2.1 and 2.5 Ma, respectively, after CAls; achondrites crystallized even later. Abbreviations: CAI, calcium-, aluminum-rich inclusion;
CC, carbonaceous; ESS, early Solar System; FUN, fractionation and unidentified nuclear; KDE, kernel density estimate; NC,
noncarbonaceous; PDE, probability distribution function; PLAC, platy crystal.

from CR chondrites plot along an isochron corresponding to an 26Al/?’ Al ratio of (5.1 £ 0.2) x
1075 and a lower intercept of $*°Mg* = —0.095 & 026%o (47). This finding led to the conclusion
that there were at least two CAl reservoirs with different initial magnesium isotopic compositions
that produced CAIs at approximately the same time (47).

The major issue today is whether 26Al/?’ Al was homogeneously distributed. To first order, it
clearly was not, as the most isotopically anomalous CAls, FUN inclusions, and PLAC hibonites
contained little or no 2°Al when they formed, yet they are unlikely to have formed after 26Al
decayed. Current thinking is that these odd objects formed in the earliest history of the Solar
System and 26Al was introduced afterward. Setting aside the problem of explaining FUN and
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PLAC CAls, there is still the issue of whether 2 Al was thoroughly mixed in the solar nebula. There
are two camps: one proposing that 2°Al was homogeneously distributed and useful as a relative
chronometer, implying chondrule formation ~2 Ma after CAls, and the other proposing that
the CAls formed in an especially *°Al-rich part of the solar nebula and that chondrules and most
other objects formed in regions with lower levels of 26Al, implying chondrule formation much
closer in time to CAI formation. The finding of two CAl isochrons with similar slope and different
initial magnesium isotopic compositions (47) decreases the utility of initial isotopic compositions
to obtain chronologic information and weakens the argument for 26Al/?’ Al heterogeneity. High-
precision measurements of several bulk carbonaceous and ordinary chondrites (48) showed that
they lie on an isochron with a slope corresponding to 2°Al/?’Al = (4.67 & 0.78) x 107>, within
error of the CAl ratio, implying homogeneity of the Solar System 2¢Al/*’Al during formation of
CAIs and precursors of chondrules.

Large numbers of internal isochrons of CAlIs have been measured by SIMS over the past cou-
ple of decades. In Figure 3, the KDE curves of CAI isochrons are compared with the bulk value
(44, 45). There was a lot of interest in so-called supracanonical isochrons, having slopes corre-
sponding to 26Al/*7Al ratios significantly in excess of 5.2 x 107 a few years ago (e.g., 49), but as
seen in Figure 3, there are few if any CAls with unambiguous supracanonical values. If the CAI-
forming region experienced Al/Mg fractionation, which led to the array of compositions that plot
on bulk isochrons, one would not expect later melting and crystallization events to lead to internal
isochrons with higher slopes. Figure 3 bears this out. Also shown in Figure 3 are KDE curves for
chondrules from NC and CC groups, as well as achondrites. The recent development of improved
primary O~ beams for MC-SIMS has allowed high-quality 26Al-*Mg isochrons to be obtained
for chondrules in the most primitive, unmetamorphosed representatives of these two groups. The
results indicate chondrule formation at different times for the NC and CC groups, assuming a
uniform initial distribution of 2Al/*’Al in the Solar System (Figure 3). Internal isochrons of
achondrites indicate that crystallization of these meteorites occurred after chondrule formation.

36Cl

36Clis another isotope with a rather short half-life (0.3013 & 0.0015 Ma) (26) compared to the few-
million-years timescale of the ESS. It has a branched decay, with 98.1% forming **Ar by 8~ decay
and 1.9% forming *S by electron capture. It was through excesses in the latter isotope in a mineral
with a high Cl/S ratio, sodalite (NaAlSiO4<NaCl), that the first evidence was found that there was
live *Cl in the ESS (50). This observation was confirmed by Hsu et al. (51) and Jacobsen et al.
(52), who showed that **Cl must have been made after Solar System formation, as the levels were
implausibly high for production in stars before Solar System formation. Excess *S from *¢Cl decay
has been detected in the minerals sodalite and wadalite [(Ca,Mg)s(Al,Fe*+)4((Si,A)O4); O4Cl;3],
which are found as secondary alteration phases in refractory inclusions. The inferred **Cl/**Cl
ratios from SIMS measurements of sulfur isotopes range from 0.4 x 107 (51) to 1.8 x 1073 (52).
Excess *6Ar from *$Cl decay was detected in another CAI, Allende Pink Angel, corresponding to
3CI/HCl= (1.9 £0.5) x 1078 (53). 12T-12Xe dating of the sodalite, the likely host phase of **Cl,
gave a precise age of 4559.4 £ 0.6 Ma, nearly 8 Ma after CAI formation, requiring a local Solar
System production mechanism. A detailed calculation of cosmic-ray production of *¢Cl under
various scenarios led to the conclusion that that implausibly high fluxes of galactic cosmic rays

36Cl is made by neutron capture on *CL.

were needed (54). In all the scenarios, nearly all of the
The most plausible explanation for the apparent isochrons was mixing between chlorine-bearing
ice that was exposed to solar cosmic rays for a few Ma and normal isotopic composition sulfur

(53); in other words, the isochrons do not provide information on the **Cl/* Cl ratios at the time
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of formation of sodalite or wadalite. Excess **S uncorrelated with Cl/S (55), as well as excess Mg
uncorrelated with Al/Mg in a fine-grained CAI with evidence of *’Cm decay (4), was found.
Model isochrons based on the bulk Cl/S and Al/Mg ratios led to the conclusion that the object
formed with live *Cl and 26Al early in Solar System history, at the time of canonical 2°Al/?’Al,
but that near-contemporaneous secondary alteration had redistributed chlorine, sulfur, aluminum,
and magnesium with no exchange with an outside reservoir (55). The *Cl/**Cl ratio at the time of
secondary alteration was (2.3 + 0.6) x 1073, implying that the ESS **Cl/**Cl ratio was (1.7-3) x
107 (55). Thus, much of *Cl in other CATs comes from solar cosmic rays, but perhaps there was
some early **Cl of presolar origin. The ESS **Cl/**Cl ratio given in Table 1 is based on a single
unusual CAI and must be considered rather uncertain.

41Ca

Of the confirmed ESS SLRs, *'Ca has the shortest half-life, 0.0994 £ 0.0015 Ma (26). Excess
#K in the Allende CAI Egg-3 was reported by Hutcheon et al. (56), Sahijpal et al. (57), and
Ito et al. (58), corresponding to *!Ca/*Ca ratios of (8 &+ 3) x 1072, (1.17 £ 0.24) x 1078, and
(4.1 & 2.0) x 107, respectively. Measurement of potassium isotope ratios in samples with high
Ca/K ratios by SIMS is difficult, because of the interference of “*Ca*Ca** on the #K* peak.
A correction can be made using the *Ca*Ca’* peak at mass 41.5, but the natural ¥Ca/*Ca
ratio is only ~0.2 and the Ca3"/Ca* ratio varies among minerals. High-precision 26Al-20Mg
dating of CAls is also important in order to time-correct the inferred *'Ca/*Ca ratio to the
canonical ESS 26Al/?"Al ratio of 5.2 x 107°. A reexamination of the problem by measuring two
Efremovka CAls previously studied in 1996 (59) with a modern SIMS instrument led to an ESS
1 Ca/%Ca ratio of ~4.2 x 1072 (60), in agreement with the most recent of the Egg-3 values
(58). A high-precision study of 26Al-2*Mg systematics of CAls for which the * Ca-*K systematics
were previously measured found that inferred ESS *'Ca/*Ca ratios were somewhat variable,
in the range (5.6-13) x 107 (61). The last word, for now, comes from a careful study of two
CAlIs (62), one with a higher *Ca/*Ca ratio (107%) and one with a lower ratio (<0.5 x 107%)
after correcting each CAI to the ESS 2°Al/?’Al value. It was suggested that there might be three
reservoirs in the ESS, with ¥'Ca/*Ca ratios of <107%, ~4 x 107%, and 10~® (62). The value of
~4 x 107 remains the most commonly observed ratio in CAls and is adopted as the ESS value.

53Mn

»Mn decays to **Cr with a somewhat uncertain half-life of 3.7 + 0.4 Ma (26) and is widely
used to measure the relative timing of events in the ESS. Unlike aluminum and hafnium,
manganese is not a refractory element, so the >*Mn->3Cr system cannot be anchored to CAls.
Rather, it is usually anchored to a well-studied angrite meteorite, D’Orbigny, which is a rapidly
crystallized igneous achondrite. The ESS ¥*Mn/>Mn ratio is inferred by decay-correcting the
value measured in D’Orbigny (63) to the time of formation of CAls. Despite the nonrefrac-
tory nature of manganese, the first evidence for the presence of **Mn in the ESS came from
chromium isotopic measurements of CAIs (64). This led to an inferred ESS **Mn/*Mn ratio of
(6.7 £ 2.2) x 1073, a factor of 10 higher than the generally accepted value inferred by decay-
correcting D’Orbigny data using the U-Pb system, 6.8 x 107¢ (65). There are remaining issues
with the ESS *Mn/>Mn ratio (66). Comparing D’Orbigny with CATs, the *6Al-?Mg and '®?Hf-
I82W systems are concordant. Accepting the Pb-Pb age of D’Orbigny, they imply a CAI age of
4568 Ma, 1 Ma older than the average of the four widely accepted uranium-corrected Pb-Pb ages
of CAls, 4567.31 Ma (16), but in agreement with the uranium-corrected Pb-Pb age of a single
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CAL 4567.94 Ma (17). Using the 4567.31 Ma value, the ESS **Mn/**Mn ratio is 6.8 x 107
using 4567.94 Ma, the value is 7.7 x 107%. Another angrite anchor, LEW 86010, corrected to a
Pb-Pb age of 4568 Ma, was used (67) to obtain an ESS **Mn/**Mn ratio of 9.1 x 107, a value
that seems a little too high. Measurements of 2Al-?Mg and ** Mn-**Cr systematics in the unique
achondrite NWA 6704 led to the suggestion that, because it is quite old, it might be useful as an
anchor point, but a Pb-Pb age is not available (68). A recent study (69) measured uranium isotopes
in D’Orbigny to correct the Pb-Pb age. This age was used to time-correct the **Mn/*’ Mn ratio,
taking into account the two Pb-Pb ages for CAls (16, 17) and resulting in a recommended ESS
33 Mn/**Mn ratio of (7 & 1) x 1076 (69), which is adopted here.

60Fe

%Fe decays by beta-decay to °Co, which quickly beta-decays to “Ni. There have been signif-
icant revisions to the half-life of ®“Fe, from 0.3 Ma (70) to 1.49 & 0.27 Ma (71) to the current
value of 2.62 + 0.04 Ma (26, 72). Iron is not a refractory element and its abundance in CAls
is low, so measurements in later-formed objects such as chondrules and achondrites need to be
time-corrected to the time of CAI formation. In reading early work on ®Fe, it is important to
note which half-life was used in the time-correction. The first evidence for the presence of Fe
in the ESS came from %Ni excesses in three bulk samples of the eucrite Chervony Kut, which
correlated with Fe/Ni ratios (73). From the ~10 Ma difference between the age of Chervony Kut
and CAIs an ESS ®Fe/*¢Fe ratio of (1.6 & 0.5) x 10~% was calculated, but this value was based on
the old 1.49 Ma half-life (71). Excess ®*Ni was reported for pyroxene from unequilibrated ordi-
nary chondrites (74), from which an ESS ®Fe/**Fe ratio of 4 x 1077 was calculated. However, the
SIMS data and some subsequent measurements also by SIMS were affected by inadequate con-
sideration of Poisson statistics for small numbers of counts in the denominators of isotope ratios.
Methods of correction for this were developed (75, 76). These methods were applied to published
%0Fe-%Ni data (77), with the result that nearly all the SIMS evidence for ESS ®°Fe went away. Care-
ful measurement of nickel isotopic compositions in achondrites and chondrites by MC-ICPMS
with a clean chemical separation of nickel from iron indicates a low ESS %Fe/*¢Fe ratio of (1.01 &
0.27) x 1078 (78, 79). An exhaustive study of the ®Fe-%Ni system in chondrules from unequili-
brated ordinary chondrites by SIMS (80), using a correction scheme for isotope ratios that takes
into account the low count rates (75), found that most chondrules did not contain excess “Fe,
but a few showed excesses, leading to a range of ®“Fe/**Fe ratios of (5-30) x 10~ (80). The
unique Chicago Instrument for Laser Ionization (CHILI) RIMS instrument (11) was used (81)
to study one of the chondrules reported to have excess ’Ni (80). The chondrule did not contain
excess “°Ni; the earlier study (80) had not considered error propagation in the correction for mass
fractionation effects, leading to underestimation of uncertainties (81). A recent study found small
deficits in ®Ni in iron meteorites from groups IID and IVB (82). The 82 Hf-!8W system was used
to measure the time of core formation, and the ESS %°Fe/*°Fe ratio was found to be (6.4 4+ 2.2) x
1077 (82). Model calculations of iron and nickel isotopes in type Ia and II supernovae and stellar
winds were used to argue that a mixture of nucleosynthetic components could not explain the *“Ni
deficits (82); however, nickel isotopic data from presolar grains (83, 84) sample type II supernovae
and asymptotic giant branch stars and do not match stellar models that well. Furthermore, the
variations in nickel isotopes in the iron meteorites are small and could be of nucleosynthetic ori-
gin and unrelated to ®Fe decay. A new NanoSIMS study of troilite in the least metamorphosed
chondrites also found low levels of excess “*Ni, further corroborating a low ESS ®Fe/**Fe ratio
(85). For all these reasons, the ESS °Fe/*¢Fe ratio of (1.01 £ 0.27) x 10~% (79) is recommended
and there remains no compelling evidence for higher values.
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92Nb

92Nb decays by electron capture to *?Zr with a half-life of 34.7 & 2.4 Ma (26). It is an interesting
isotope, as it is shielded from beta-decay or electron capture by stable “?Mo and **Zr, so it cannot
be made by neutron- or proton-capture nucleosynthesis, leaving photodisintegration as the only
viable mechanism for its formation. The first reports of excess *Zr from *’Nb decay came from
zirconium isotopic measurement of a high Nb/Zr rutile (TiO,) from Toluca IAB iron meteorite
(86), leading to an ESS **Nb/?*Nb ratio of (1.6 + 0.3) x 107°. Internal *?Nb-??Zr isochrons on
the Estacado H6 ordinary chondrite and the Vaca Muerta mesosiderite led to an ESS “?Nb/”Nb
ratio of ~1 x 107° (87). Further refinement came with measurements of three achondrites with
known Pb-Pb ages, leading to an ESS **Nb/**Nb ratio of (1.7 £ 0.6) x 10~° (88). The precision
was recently dramatically increased by zirconium isotopic and Nb/Zr measurements on rutile
(Ti0,) from several mesosiderites, coupled with Pb-Pb dating of zircon (ZrSiO4) from the same
meteorite, leading to the current estimate of the ESS *?Nb/?*Nb ratio, (1.66 & 0.10) x 1073 (89).
Thus, 25 years of progress have led to great strides in precision, but no significant change in the
original value (86).

97Tc and ?8Tc

Technetium has two long-lived isotopes that might have been present in the ESS, *'Tc and *'Tc,
both of which have half-lives approximately 4.2 Ma (26). As there are no stable isotopes of tech-
netium, the abundances of the technetium SLRs are usually referenced to a molybdenum or ruthe-
nium isotope. Technetium is quite siderophile, allowing an upper limit to the ¥ Tc/??Mo ratio
(<1 x 107%) to be established from molybdenum isotope measurements in iron meteorites (90).
Ruthenium isotopic measurements in iron meteorites were used to establish the ESS *Tc/*Ru
ratio as <2 x 10~° (91).

107Pd

107Pd decays to 7 Ag with a half-life of 6.5 & 0.3 Ma (26). Palladium and silver are both siderophile,
but silver is relatively volatile, so iron meteorites can have high Pd/Ag ratios. Silver has only two
stable isotopes, 'Ag and '®Ag, so early measurements by TIMS were limited in precision by
mass fractionation effects in mass spectrometers. The first evidence that the ESS contained '/ Pd
came from excess ' Ag in the Santa Clara IVB iron meteorite measured by TIMS (92). Several
subsequent papers from the Caltech Lunatic Asylum used this system to constrain iron meteorite
chronology with 7 Ag/!%Ag versus ®Pd/!*Ag internal isochrons (e.g., 93). It was difficult to
establish an ESS value because of a lack of high-precision dating of iron meteorite crystallization.
The field was revolutionized by the development of MC-ICPMS, which allowed much-higher-
precision silver isotopic measurements. A study of the '”Pd-17 Ag system in carbonaceous chon-
drites established an ESS '97Pd/!%Pd ratio of (5.9 £ 2.2) x 107° (94). 7Pd-17 Ag systematics in
the Muonionalusta group IVA iron meteorite were coupled with the measured Pb-Pb age (95) to
obtain an ESS 17Pd/1%Pd ratio of (2.8 + 0.5) x 10~ (96), a factor of 2 lower than the earlier value
(94). However, the Pb-Pb age is based on the assumption that the *8U/?*3 U ratio of the troilite is
137.88, whereas recent measurements of a different sample of Muonionalusta troilite show vari-
able values as low as 137.22 (97). The uranium isotopic ratio of the Muonionalusta troilite sam-
ple measured for lead isotopes is not known, so the range of possible ages implies that the ESS
107pd /198 P ratio based on Muonionalusta is (3.50 & 0.16) x 10~° to (6.54 £ 0.38) x 10~° (98,
99). Silver isotope ratios can also be affected by cosmic-ray exposure in iron meteorites. These
effects can be corrected for by measuring platinum isotopes in the same samples (98, 99). The
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ESS 197Pd/198Pd ratio of (5.9 & 2.2) x 10~° determined from carbonaceous chondrites (94), with
its large uncertainty, is still recommended, but this is a problem crying out for a solution.

126Sn

126Sn decays to 2Te with a half-life of 0.230 & 0.014 Ma (26). It is an r-process isotope, so the
short half-life makes it important for understanding other r-process SLRs. The first tellurium
isotopic study of carbonaceous chondrites led to an ESS '26Sn/!2*Sn ratio with an upper limit
of <4 x 107°, based on the assumption that no disturbance had occurred since Solar System
formation (100). Improvements in analytical techniques for tellurium isotopes and measurements
of CAls led to a ESS '2°Sn/!>*Sn ratio with a lower upper limit of <3 x 1076 (101), adopted here.
However, the source of tin and tellurium in CAIs is unclear: It could have entered at the time of
CAI formation or it could have been introduced during secondary alteration (101). Both tin and
tellurium are relatively volatile elements and not expected to condense into CAI precursors in the
solar nebula. If a time-correction of the observed upper limit were necessary, the ESS '26Sn/!2*Sn
ratio could be higher.

1291

1291 decays to '2°Xe with a half-life of 16.14 £ 0.12 Ma (26) and was the first of the SLRs to be
discovered (1). Iodine is a highly volatile element, but xenon is even more volatile, so high I/Xe
ratios are easily achieved on meteorite parent bodies. The ?°I-12Xe system has been extensively
used to obtain relative chronology of various meteoritic components. The anchor point for this
system is usually Shallowater, an aubrite meteorite (e.g., 102). 12°I-129Xe dating is done by irradi-
ating a sample in a nuclear reactor, which turns some stable 2’1 into 2#Xe by neutron capture and
beta-decay. The sample is gradually heated and xenon isotopic composition is then measured with
a noble gas mass spectrometer. In a well-behaved sample, the thermal release forms an isochron
ona 2Xe/3?Xe versus 128Xe/*2Xe plot, with the latter ratio serving as a proxy for I/Xe. A sample
of Shallowater is irradiated at the same time as the sample and the slopes of the isochrons are
compared in order to obtain a date relative to Shallowater. The age of Shallowater is determined
by the correlation between I-Xe and Pb-Pb ages of several samples. The age of Shallowater was
recently reevaluated with uranium-corrected Pb-Pb ages of these samples and additional I-Xe data
to obtain an age of 4562.4 £ 0.2 Ma (103). The '*°I/!?"I ratio of Shallowater is (1.074 £ 0.014) x
10=* (104). Time-correcting to the two uranium-corrected Pb-Pb ages of CAls (16, 17) gives
ESS 21/ ratios of 1.33 x 10~* and 1.37 x 107* so an ESS value (1.35 £ 0.02) x 10~* is
recommended.

135CS

135Cs decays to '**Ba with a half-life of 1.33 £ 0.19 Ma (26). The most commonly used half-life is
longer, 2.3 Ma, but that is not the main issue with 1**Cs. Estimating the ESS **Cs/!**Cs ratio is
difficult, as cesium is a volatile, fluid-mobile element and barium is refractory and fluid immobile.
Furthermore, nucleosynthetic variations in barium isotopes, including **Ba, in CAIs and bulk
chondrites have been demonstrated. The first report of excess **Ba in acid leachates of CAls
from the Allende CV chondrite was used to infer an ESS ¥*Cs/!3*Cs ratio of (4.8 & 0.8) x 10~*
(105). Further leaching experiments on bulk carbonaceous chondrites and chondrules have led to
estimates of the ESS 13Cs/133Cs ratio of (2.7 & 1.6) x 10~* (106) and (6.8 % 1.9) x 10~* (107).
Excess **Ba along with much smaller anomalies in other barium isotopes (108) was found in two
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CAlIs, implying that the ESS 13Cs/!**Cs ratio might be higher than estimates based on leaching
experiments. In a different approach, barium isotopes were measured (109) in angrites and eucrites,
two groups of achondrites that have well-constrained ages, an absence of nucleosynthetic barium
isotope anomalies, and low Cs/Ba ratios. Because they experienced Rb/Sr fractionation within
1 Ma of CAI formation, Cs/Ba fractionation should have occurred at the same time and they
would be expected to have deficits in 1**Ba. No such deficits were found and an upper limit of 2.8 x
107 was set for the ESS 3°Cs/!**Cs ratio, well below previous estimates (109), and is adopted
here. This is a strong argument and the presence of live 1**Cs in the ESS must be considered
unconfirmed.

146SIrl

146Sm decays by alpha-decay to 1**Nd with half-life of 103 £ 5 Ma (110, 111). It has proven to be
powerful when combined with the long-lived ¥Sm-*Nd system, especially for lunar chronol-
ogy (e.g., 112). The ESS *Sm/!**Sm ratio of 0.00828 =+ 0.00044 is well-defined by an internal
isochron from an igneous CAI (113), which has been superseded by even more precise data from
the oldest achondrite known, Erg Chech 002, which gives an ESS **Sm/!**Sm ratio of 0.00840 &
0.00032 (114) and is adopted here. The half-life of '*Sm, however, is in dispute. It does not play a
role in the ESS *Sm/!**Sm ratio, as this was measured directly in CAls and in an achondrite so
old that it requires no decay-correction, but it is important for chronology of achondrites and lunar
rocks. The value of 103 + 5 Ma was determined by alpha-counting (110, 111). A shorter half-life
of 68 & 7 Ma was determined by accelerator mass spectrometry and alpha-counting (115), but this
half-life is inconsistent with 1*Sm-**Nd and Pb-Pb age agreement among meteorite and lunar
samples (113). Furthermore, the new measurements of the *Sm-!*Nd and ¢Al-**Mg systems in
Erg Chech 002, coupled with *Sm-1*?Nd data on well-dated achondrite and lunar samples, allow
a geological determination of the half-life of 102 & 9 Ma (114), which is in good agreement with
the earlier measured half-life of 103 £+ 5 Ma. A recent recommendation from the International
Union of Pure and Applied Chemistry and the International Union of Geological Sciences (116)
proposes using both half-lives, but most isotope geochemists use the longer half-life and perhaps
this recommendation can be dropped.

182Hf

With a half-life of 8.90 & 0.09 Ma (26), 82 Hf decays by beta-decay to '®*Ta, which quickly decays
to 12W. Hafnium and tungsten are efficiently separated from one another during core formation
on planetary bodies, as hafnium is lithophile and tungsten is siderophile. Thus, the 82Hf-18W
system has been particularly important for studying the chronology of core formation. The ESS
182/ 189Hf ratio, (1.018 % 0.043) x 107*, is well determined from CAIs (117), but nucleosyn-
thetic variations in tungsten isotopes need to be corrected for. Fortunately, the nucleosynthetic
tungsten isotopic variations among CAls are linear and systematic (117). The "2 Hf-'82W system
has been widely applied to chondrites, achondrites, and iron meteorites, as the half-life of 82Hf
is long enough to accurately determine relative timescales over a couple of tens of Ma. However,
it is important to correct for cosmic-ray effects and small nucleosynthetic tungsten isotopic
variations. The current state of the art in studying iron meteorites uses platinum isotopes to
correct for cosmic-ray exposure and provides evidence of core formation on planetesimals 1 to
3 Ma after CAI formation (118). Applications of the 3 Hf-!1¥2W system to planet formation were
recently reviewed (119).
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ZOSPb

205Ph decays to 2 T1 with a half-life of 17.0 & 0.9 Ma (26). Both lead and thallium are rather
volatile, so this system has seen limited application in ESS chronology. Thallium also has only
two stable isotopes, thus 2% 'T1/2*T1 may experience some natural mass fractionation. Further-
more, lead is a common environmental contaminant, leading to uncertainty in Pb/T1 ratios.
A 29T1/29%TI versus 2*Pb/?®Tl isochron from bulk carbonaceous chondrites led to an ESS
205pb /204Pb ratio of (1.4 £ 0.4) x 1073 (120). One of those carbonaceous chondrites was found in
the desert and its Pb/T1 ratio might have been altered by terrestrial weathering; removing it from
consideration led to a somewhat revised recommended ESS 2%Pb/?**Pb ratio of (1.8 £ 1.2) x
1073 (121).

244 Pu

24Py decays by a series of alpha- and beta-decays to 2> Th and eventually to 2°*Pb, and by spon-
taneous fission to heavy xenon isotopes, with a half-life of 81.3 & 0.3 Ma (26). As 2%Pb is also
made by decay of 2**Th made directly by the r-process, the presence of ***Pu in the ESS is in-
ferred from xenon isotopes, making use of the differing fission yield patterns of different natural
transuranic isotopes. The ESS 2**Pu/?*¥U values from chondrites (0.0068 £ 0.0011; 122) and an-
cient zircon grains from western Australia (0.0077 £ 0.0006; 123) are in agreement, so the latter
value is adopted in Table 1.

247 Cm

With a half-life of 15.6 & 0.5 Ma, 2’ Cm decays by several alpha- and beta-decays to »**U, which
in turn eventually decays to 29’Pb. The half-life of 2°U, 704 & 1 Ma (26), is long enough that
variations in 2*>U/?*8U ratios today due to 2’ Cm decay can be detected. Although small vari-
ations in 2**U/?*%U ratios in redox reactions in low-temperature terrestrial environments were
known, it came as a shock when it was discovered (3) that there were significant variations in
uranium isotope ratios among CAls. This finding was of profound importance for Pb-Pb dating,
which had relied on the assumption that all materials formed with the same 2**U/?*3U ratio and
that this ratio changed only through radioactive decay. The uranium isotopic variations led to
corrections of up to 5 Ma in Pb-Pb dates of CAls (3), which had been quoted to precisions of well
under 1 Ma. The most accurate Pb-Pb dates of individual CAls require careful lead and uranium
isotopic analysis and there are only five such dates available, four of which give a consistent age of
4567.30 £ 0.16 Ma (15, 16) and one gives 4567.94 & 0.30 Ma (17). 2*’ Cm decay was considered
the most likely explanation for the uranium isotopic variations in CAls (3), but other causes could
not be completely ruled out. The discovery of a 6% excess of 2*U in a CAI (4) confirmed >*’ Cm
as the cause, as the effect was too large to allow any other explanation. The >’ Cm/?**U ratio mea-
sured in the Allende CAI Curious Marie was (5.6 & 0.3) x 107° (4). It was assumed that aqueous
alteration that led to Cm/U fractionation occurred 5 + 5 Ma after CAI formation, leading to an
ESS *Cm/*U ratio of (7.0 £ 1.6) x 107° (4). Subsequently, it was found that the event that
depleted uranium in Curious Marie also depleted magnesium and that 2Al-?Mg systematics in
the CAI show that it formed at the birth of the Solar System (55), so the current recommended
ESS ?¥Cm/?**U ratio is the measured value, (5.6 & 0.3) x 107 (4).

ORIGINS OF SHORT-LIVED RADIONUCLIDES

The SLRs listed in Table 1 have a wide variety of origins, some known with more certainty
than others. Modeling of nucleosynthesis of stable isotopes and SLRs in stellar environments
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has advanced significantly since the main mechanisms of nucleosynthesis were laid out in 1957
(124, 125).

The discovery that 2°Al was present in the ESS led to the suggestion that a type II supernova
explosion might have triggered the collapse of a molecular cloud to form the Solar System (126);
however, the low abundance of ®Fe coupled with a high abundance of 2°Al has led to the idea that
a Wolf-Rayet star might have provided 2Al in its wind, whereas its subsequent supernova explo-
sion failed to inject any ®Fe. This explanation has been modeled in some detail (127), and pro-
duction of 26Al, **Cl, and *' Ca in massive stars and loss through winds have been further explored
(128, 129).

The nucleosynthesis of the SLRs has been nicely laid out (130, 131). 2Al can be made in var-
ious stellar environments, but it is most efficiently made in the presupernova stages of massive
stars. **Mn is made in these stars also, as is ®“Fe. The s-process, which is dominated by low-mass
asymptotic giant branch stars, is capable of making several SLRs observed in the ESS, including
26A1, 1 Ca, Fe, 17Pd, 182Hf, and > Pb. The r-process, now thought most likely to occur in neu-
tron star mergers, is required to make 126Sn, 1T, 2Py, and ?*Cm and can contribute to “7Pd
and 82 Hf. The p-process, whose site is unclear, is required to make *’Nb and **Sm. 1°Be is not
made in stars and requires formation by spallation of heavier elements. This could take place in the
solar nebula or in the interstellar medium prior to Solar System formation. Both # Ca and **Cl are
made by neutron capture on abundant stable nuclei. Their half-lives are so short that formation in
stars requires little time delay between stellar nucleosynthesis and formation of high-temperature
(*'Ca) and low-temperature (**Cl) minerals in the Solar System.

Several recent papers have modeled SLR formation in stars (127-138). The consensus seems
to be that most of the SLRs come from stellar ejecta returned approximately in steady state to
the interstellar medium and that the protosolar molecular cloud separated 9-13 Ma before Solar
System formation. 2°Al requires late injection, perhaps from Wolf-Rayet star winds (127-129), and
there are hints from the low 26Al/?” Al ratios of FUN and PLAC CAIs that this addition may have
occurred after Solar System formation had begun. As an alternative idea, the old supernova trigger
model (126) for the cause of Solar System formation has been revised, with the suggestion that an
unusual low-mass (11.8 M) core-collapse supernova with explosion energy could have produced
many SLRs, including '°Be, through neutrino interactions (138), but such a scenario overproduces
3Mn and °Fe relative to observations in the Solar System. More recent simulations have resolved
this overproduction problem (139, 140).

APPLICATIONS
Relative Chronology

There is great interest in the chronology of events in the early history of the Solar System, includ-
ing high-temperature condensation and evaporation in the solar nebula, formation of CAls and
chondrules, accretion and differentiation of planetesimals, and planet formation. The only long-
lived chronometer with enough precision to study the timing of these events is the U-Pb system,
but SLRs offer the opportunity to determine the relative chronology of events. In order to use
SLRs for chronology, it needs to be established that the initial Solar System ratio of an SLR to a
stable isotope of the same element was uniform. This is usually done by comparison with another
SLR or, preferably, the U-Pb system. For such comparisons, it is useful to have anchors, objects
that formed in a single event. Commonly used anchors are CAls and quenched angrites, which
are igneous meteorites that crystallized and cooled rapidly. The SLR systems that have been most
useful for chronology are 2°Al-26Mg, ¥*Mn-¥Cr, 197Pd-177Ag, 1291-129Xe, 146Sm-*Nd, and 82 Hf-
182W. The parent and daughter isotopes of these systems have various geochemical properties, so
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they may be useful for different types of objects. The remaining SLR systems have levels too low
to be useful as chronometers.

The 26Al-**Mg system has been widely used for chronology of ESS events. Whether it was
uniformly distributed in the Solar System has been questioned (e.g., 46, 47), but the weight of
evidence currently suggests that it was. Two of the most important conclusions to come out of the
26A1-*6Mg system are that chondrules are of order 2 Ma younger than CAIs (Figure 3) and, more
recently, that most CC chondrules are younger than NC chondrules (141, 142), which has raised
the difficult problem of preserving CAls in the solar nebula while waiting for chondrules to form
and be accreted with CAls on carbonaceous chondrite parent bodies. The major remaining puzzle
is why the CATs with the largest nucleosynthetic isotope anomalies seem to have formed with low
levels of 26Al (143-146). This implies that either they formed after 2°Al decayed or they formed
early in Solar System history before 2°Al was introduced and well mixed. This issue will only be
settled by application of another chronometer, either an SLR or the U-Pb system. The latter has
proven difficult, as the FUN and PLAC CAIs have low concentrations of uranium. Perhaps the
best chance of successfully dating them is with the 32Hf-8W system. This has been done with
one FUN CAI (147), showing that it formed early, but more work needs to be done.

The #2Hf-#2W system has been particularly important for showing that metallic cores sepa-
rated from molten planetesimals as soon as 1 Ma after formation of CAls. The most recent cosmic-
ray-corrected '8 Hf-182W data show that iron meteorites from the NC group, presumably inside
Jupiter’s orbit, formed 1-2.2 Ma after CAls and that those from the CC group, presumably be-
yond Jupiter’s orbit, formed 3.0-3.4 Ma after CAls (118). **Mn-**Cr systematics are consistent
with this timescale (148). Melting planetesimals so early in Solar System history requires 2Al as
a heat source, especially because the ESS Fe/*¢Fe ratio was so low.

The '7Pd-17Ag system is particularly useful for studying iron meteorites, as silver diffusion
between metal and troilite (FeS) essentially stops at approximately 500°C. The use of several SLR
chronometers has shown the cooling history of the Cape York ITIAB iron meteorite is compatible
with the metallographic cooling rate (149).

Melting Planetesimals

Since the discovery that there was 26Al in the ESS, it has been recognized as a potent heat source
for melting bodies only a few kilometers in diameter. ““Fe also had the potential of being a heat
source, but its ESS abundance is now known to be too low to be an effective heat source. None of
the other SLRs in the ESS has high-enough abundances to contribute to heating planetesimals.

OPEN PROBLEMS

The ESS abundances of most SLRs are now well established, but some problems remain. For
the most part, the half-lives of the SLRs are measured with adequate precision for use in ESS
chronology. One exception is **Mn, for which the half-life has an uncertainty of more than 10%
(26). The other major problem is '**Nd, for which earlier measurements (110, 111) and meteoritic
constraints (114) indicate a half-life of 103 Ma, whereas a more recent measurement gives 68 Ma
(115). Another measurement of the half-life is desirable.

Some aspects of the SLR record in meteorites remain puzzling. The FUN and PLAC CAIs
have large nucleosynthetic isotope anomalies, but they formed with low levels of Al. It is
plausible that they formed before *6Al was introduced into the Solar System, but there is no
independent evidence based on SLRs or long-lived chronometers that they formed before nor-
mal CATs. Further work is also needed to test the consistency among the 26Al-*Mg, **Mn-**Cr,
I82Hf-182W, and U-Pb chronometers.
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Finally, further improvements in nucleosynthesis calculations in stars and deeper understand-

ing of stellar winds and mixing with molecular clouds will better constrain the timescales of for-
mation of SLRs in stars and formation of objects in the Solar System that preserve evidence of
their decay.
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