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We review some of the major findings in cosmochemistry since the Protostars and Planets
V meeting: (1) the results of the sample-return space missions Genesis, Stardust, and Hayabusa,
which yielded the oxygen and nitrogen isotopic composition of the Sun, evidence for significant
radial transport of solids in the protoplanetary disk and the chondrite-comet connection, and the
connection between ordinary chondrites and S-type asteroids, respectively; (2) the D/H ratio
of chondritic water as a test of the Nice and Grand Tack dynamical models and implications
for the origin of the Earth’s volatiles; (3) the origin, initial abundances, and distribution of the
short-lived radionuclides 10Be, 26Al, 36Cl, 41Ca, 53Mn, 60Fe in the early Solar System; (4)
the absolute (U-Pb) and relative (short-lived radionuclide) chronology of early Solar System
processes; (5) the astrophysical setting of the Solar System formation; (6) the formation of
chondrules under highly nonsolar conditions; and (7) the origin of enstatite chondrites.

1. INTRODUCTION

The seven years since publication of Protostars and
Planets V have seen a number of major discoveries about
the chemistry and physics of the Solar System and other
stars based on laboratory study of samples returned to Earth
by spacecraft and by nature (i.e., meteorites and interplan-
etary dust particles). In this chapter, we highlight some of
the more important discoveries and their implications.

2. THE GENESIS MISSION

The Genesis mission, which returned samples of the so-
lar wind to Earth in 2004, has provided two very surpris-
ing results: that the solar wind, and by inference, the Sun
is significantly different from the Earth and other sampled

rocky bodies of the Solar System in its oxygen and nitrogen
isotopic compositions (Burnett and Genesis Science Team,
2011).

Genesis was launched in 2001 and placed at the L1 point,
∼1% of the way to the Sun, where a variety of ultrapure ma-
terials were exposed to the solar wind for 27 months. The
spacecraft carried an electrostatic concentrator, which con-
centrated solar wind by ∼20× onto a 6 cm diameter target
and increased the implantation depth by about a factor of
three. Genesis returned to Earth on September 8, 2004, and
crashed in the Utah desert because a parachute failed to de-
ploy. The Genesis team was able to recover many pieces
of collector materials, and the concentrator target survived
nearly intact (Burnett and Genesis Science Team, 2011).
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2.1. Oxygen isotopes in the Solar System

Oxygen has three stable isotopes, 16O, 17O, and 18O. In
most physical and chemical processes occurring on Earth,
the 18O/16O ratio fractionates by twice as much as the
17O/16O ratio. However, Clayton et al. (1973) discovered
that some components in meteorites are enriched in 16O
by about 4%, implying mixing between 16O-rich and 16O-
poor components. Oxygen isotopic compositions are now
well-established for exploring relationships among plan-
etary materials (Clayton, 2003; Krot et al., 2014; Scott
and Krot, 2014). The origin of mass independent oxygen
isotopic variations among Solar System materials has re-
mained a mystery for 40 years. For much of that time,
these variations were thought by most to be relicts of incom-
plete mixing of different nucleosynthetic components in the
early Solar System, although chemically produced mass in-
dependent fractionation processes were demonstrated in the
laboratory and proposed as an alternative mechanism (e.g.,
Thiemens and Heidenreich, 1983; Thiemens, 2006).

Most bulk meteorites, including those from Mars, are
within a few h of average terrestrial oxygen isotopic com-
position, and it was thought that the Sun would have a
similar isotopic composition. Thus, the initial goal of the
Genesis mission was to measure the solar wind and infer
the solar oxygen isotopic composition with a precision of
1 h or better. This all changed when a very brief paper
by Clayton (2002) suggested that the oxygen isotopic vari-
ations were caused by photochemical self-shielding of CO
in the solar nebula and that the Sun could be significantly
16O-rich compared to most meteorites and planets. Self-
shielding was already thought to cause carbon and oxygen
isotopic variations in molecular clouds (Bally and Langer,
1982; van Dishoeck and Black, 1988). UV photodissoci-
ation of CO yields O atoms that may react with ambient
H2 to form H2O. The path length for UV photodissocia-
tion of C16O is much shorter than for those of C17O and
C18O, because 16O is much more abundant than 17O and
18O. Water made from O from photodissociated CO in the
interior of a CO-containing cloud could then be trapped
in rock-forming compounds and make silicates enriched in
17O/16O and 18O/16O compared to the bulk cloud. There
are currently three proposals for where CO self-shielding
could take place: (1) near the Sun (Clayton, 2002); (2) at
the surface of the solar nebula, several AU from the Sun
(Lyons and Young, 2005); or (3) in molecular clouds (Yu-
rimoto and Kuramoto, 2004). In the latter proposal, iso-
topic heterogeneities in molecular cloud material generated
by CO self-shielding are preserved in materials formed in
the early Solar System.

Measurement of the oxygen isotopic composition of so-
lar wind was the highest priority of the Genesis mission.
A new instrument combining the techniques of secondary
ion mass spectrometry and accelerator mass spectrometry
was built at the University of California, Los Angeles, and
showed that the Sun is enriched in 16O by about 5% rel-
ative to the Earth and all known rocky material in the So-

lar System except refractory inclusions (McKeegan et al.,
2011). The oxygen isotopic compositions of Solar System
materials are shown in Fig. 1. There is likely some mass
dependent isotopic fractionation of oxygen during acceler-
ation of the solar wind. The oxygen isotopic composition
of the Sun was determined by drawing a line with slope-1/2
through the measured solar wind composition and assuming
that the Sun is at the intersection of that line and a line of
slope 0.95 along which lie refractory inclusions and a few
unusual chondrules from carbonaceous chondrites (McKee-
gan et al., 2011).

Fig. 1.— Oxygen isotopic composition of Solar System materi-
als, expressed in δ units: (δiO = ((iO/16O)/(iO/16O)SMOW) – 1)
× 1000, i = 17 or 18; SMOW is Standard Mean Ocean Water.
From McKeegan et al. (2011).

The difference in oxygen isotopic composition between
the bulk Solar System and rocky material is in the direction
predicted by CO self-shielding, but other mechanisms have
been proposed to explain oxygen isotopic variations in So-
lar System materials. A difference in oxygen isotopic com-
position between gas and dust could have arisen in preso-
lar materials by galactic chemical evolution (GCE; Clayton,
1988; Krot et al., 2010a). However, GCE could lead to dust
being enriched or depleted in 16O, and GCE does not neces-
sarily increase 17O and 18O equally relative to 16O (Lugaro
et al., 2012a; Nittler and Gaidos, 2012). The 18O/17O ra-
tio of the Solar System is 5.2±0.2 (Young et al., 2011), but
molecular clouds (Penzias, 1981; Wouterloot et al., 2008)
and young stellar objects (Smith et al., 2009) in our region
of the Milky Way tend to have lower values of 4.1±0.1 and
4.1–4.4, respectively; there is a hint of a gradient in 18O/17O
as a function of galactocentric radius (Wouterloot et al.,
2008; Nittler and Gaidos, 2012), but there is no overlap in
error bounds between the Solar System ratio and those of
objects of similar galactocentric radius. UV photodissoci-
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ation of CO has been shown to produce large mass inde-
pendent oxygen isotopic fractionation (Chakraborty et al.,
2008), although a vigorous debate about the mechanism en-
sued (Federman and Young, 2009; Lyons et al., 2009a; Yin
et al., 2009; Chakraborty et al., 2009). Gas phase reaction
of SiO with O has also produced mass independent oxygen
isotopic fractionation in the laboratory (Chakraborty et al.,
2013b).

2.2. Nitrogen isotopes in the Solar System

Nitrogen has only two stable isotopes, 14N and 15N,
so that it can be difficult to disentangle chemical/physical
and nucleosynthetic effects. The 15N/14N ratio of the solar
wind, measured in the Genesis concentrator, and corrected
for fractionation during acceleration of the solar wind is
(2.268±0.028)×10−3 (Marty et al., 2011), ∼40% below
that of atmospheric N2, 3.676×10−3. The former value
is taken to be representative of the bulk Sun. The solar
15N/14N ratio is quite similar to that of Jupiter’s atmo-
sphere, (2.3±0.3)×10−3 (Owen et al., 2001) and in osbor-
nite, TiN, in an unusual refractory inclusion in the Isheyevo
carbonaceous chondrite, (2.356±0.0.018)×10−3 that was
argued to have condensed in the solar nebula (Meibom et al.,
2007). Most meteorites have 15N/14N ratios within 10% of
the ratio in the Earth’s atmosphere, although CR (Renazzo-
type), CB (Bencubbin-type) and a couple of ungrouped car-
bonaceous chondrites can have much higher ratios (Prombo
and Clayton, 1985; Grady and Pillinger, 1990; Alexander
et al., 2012). Insoluble organic matter (IOM) is the main
carrier of nitrogen in carbonaceous chondrites (Alexander
et al., 2007) and µm-sized hot spots in IOM in carbona-
ceous chondrites can have large enrichments in 15N (Buse-
mann et al., 2006; Nakamura-Messenger et al., 2006; Bri-
ani et al., 2009; De Gregorio et al., 2013). Much remains to
be done to understand the causes of nitrogen isotopic vari-
ations in the Solar System. Large isotopic fractionations
via ion-molecule reactions in cold molecular clouds may
explain some of the large enrichments in 15N/14N; UV self-
shielding of N2, a molecule that is isoelectronic with CO,
may play a role (Clayton, 2002; Lyons et al., 2009b), and
UV photodissociation of N2 has been observed to produce
large isotope effects in the laboratory (Chakraborty et al.,
2013a), although the mechanism is unclear.

3. WATER IN THE SOLAR SYSTEM

The debate over whether asteroids and/or comets were
the major sources of water and other volatiles for the terres-
trial planets has been revitalized by the publication of the
Grand Tack model (Walsh et al., 2011) and the discovery of
a Jupiter family comet (JFC), Hartley 2, with water ice that
has a roughly terrestrial D/H ratio (Hartogh et al., 2011).

The Grand Tack model was originally designed to ex-
plain the small mass of Mars, and the scenario it outlines
takes place in the first few million years of Solar System
history while the solar nebula is still present. In it, the still-
growing giant planets experience an episode of dramatic ra-

dial migration. Jupiter migrates from its formation location
at ∼3.5 AU from the Sun inwards to about 1.5 AU, at which
point Saturn catches up with it and then the two migrate
outwards again to about 5 and 7 AU, respectively. Uranus
and Neptune are also forced to migrate to greater distances
(roughly 10 and 13 AU, respectively) as Jupiter and Saturn
moved outwards. As a result of this migration, not only are
the planetesimals at ∼1.5–3 AU depleted, explaining Mars’
low mass, but the planetesimals between 4 and 13 AU are
strongly perturbed, and some of them are scattered into the
inner Solar System. These presumably icy bodies would
have been potent sources of volatiles for the growing terres-
trial planets. Some of these outer Solar System interlopers
also come to dominate the outer part of the asteroid belt.

At the end of the Grand Tack model, the giant planets
are not in their current orbits. Their final orbits are estab-
lished by a second episode of orbital migration ∼4 Ga ago,
in a scenario known as the Nice model (Gomes et al., 2005;
Levison et al., 2011). The Nice model not only reproduces
many features of the Kuiper Belt and Scattered Disk, but
also provides an explanation for the late heavy bombard-
ment as planetesimals between ∼15 and 30 AU are scat-
tered, primarily by the migration of Neptune. As in the
Grand Tack model, some of these scattered objects become
trapped in the asteroid belt, particularly the outer part of it
(Levison et al., 2009).

There is a radial zonation in the relative abundances of
asteroids belonging to the two main the spectral classes
(Gradie and Tedesco, 1982; Bus and Binzel, 2002), with
the S-complex asteroids dominating the inner asteroid belt
and the C-complex asteroids dominating the outer asteroid
belt. Thus, the Grand Tack and Nice dynamical models pre-
dict that the S-complex asteroids formed in the inner Solar
System (<4 AU), while the C-complex asteroids formed in
the outer Solar System (>4 AU).

Most meteorites, except those from the Moon and Mars,
are thought to come from the asteroid belt, although it has
been suggested a few come from comets (Gounelle et al.,
2006b). Spectroscopically, the ordinary chondrites have
been linked to the S-complex asteroids and the carbona-
ceous chondrites to the C-complex asteroids (Burbine et al.,
2002; Burbine, 2014). The link between S-complex aster-
oids and ordinary chondrites has been demonstrated by the
NEAR mission to the S-asteroid Eros (Nittler et al., 2001;
Foley et al., 2006) and the Hayabusa sample return mission
to the S-asteroid 25143 Itokawa (Nakamura et al., 2011; Yu-
rimoto et al., 2011). To date, there have been no missions
to C-complex asteroids, but Hayabusa 2 and OSIRIS-REx,
plan to launch within the next three years and return sam-
ples of C-type asteroids to Earth in the 2020s. Confirming
a link between carbonaceous chondrites and C-complex as-
teroids would bolster the Grand Tack and Nice models.

There does seem to be a continuum of petrologic proper-
ties between chondritic meteorites and dust from the one
object unambiguously from the outer Solar System, the
Jupiter family comet (JFC) 81P/Wild 2 that was sampled
by the Stardust mission (Section 7; Brownlee et al., 2006;
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Gounelle et al., 2008; Ishii et al., 2008a; Zolensky et al.,
2008). This continuum need not indicate formation in simi-
lar locations. It could simply reflect vigorous radial mixing
in the early solar nebula (Ciesla, 2007; Boss, 2008), and
none of the petrologic features are clear indicators of for-
mation distance from the Sun. There is also evidence for
two isotopically distinct reservoirs of material in the inner
Solar System (Warren, 2011)—one populated by the Earth,
Moon, Mars, ordinary and enstatite chondrites, and differ-
entiated meteorites, and the other composed of the carbona-
ceous chondrites. While these differences are consistent
with the dynamical models, again they are not unambigu-
ous indicators of formation distance from the Sun.

3.1. D/H ratios and water

Most outer Solar System planetesimals appear to be wa-
ter ice-rich, and the D/H ratio of water is a more promis-
ing indicator of formation distance. Simple models of an
already-formed and turbulent disk suggest that there would
have been a strong radial gradient in water ice D/H ra-
tio in the solar nebula due to radial mixing between: (1)
outer Solar System ice that was dominated by very D-
rich (D/H≥10−3) ice inherited from the presolar molecu-
lar cloud; and (2) inner Solar System water that had been
reequilibrated with H2 gas at high temperatures near the
Sun (D/H≈2×10−5), before being transported out beyond
the snowline (e.g., Drouart et al., 1999; Mousis et al., 2000;
Horner et al., 2007, 2008; Jacquet and Robert, 2013). More
realistic models that take into account the initial collapse
phase of Solar System formation, as well as continuing in-
fall of molecular cloud material onto the disk for some time
after it is established, predict more complex temporal and
radial variations in water D/H ratios (Yang et al., 2013). For
instance, in the simulations, about 1 Ma after the start of So-
lar System formation, water D/H ratios are uniformly low
(∼2×10−5) in the inner disk, rise steeply at ∼1 AU to a D-
rich plateau (3–4×10−4) that extends out to 10s of AU, be-
fore falling again. Nevertheless, these more complex mod-
els still predict that outer Solar System objects that formed
in the same regions as the giant planets should be D-rich
compared to the initial solar value and to the Earth.

The establishment of a fairly uniform water D/H ratio
throughout much of the outer Solar System is consistent
with the similarly D-enriched (D/H≈2.5–4×10−4) com-
positions of Saturn’s moon Enceladus and most measured
comets (Waite et al., 2009; Hartogh et al., 2011) relative to
the Earth (D/H≈1.5×10−4). Most of the measured comets
are from the Oort Cloud. The one JFC that has been mea-
sured, Hartley 2, has a more Earth-like water D/H ratio
(Hartogh et al., 2011). The model of Yang et al. (2013)
predicts low-D/H water throughout the solar nebula very
early and at all times beyond the D/H-rich plateau, either of
which are possible formation locations and times for JFCs.

Irrespective of the details, the general expectations of the
water D/H models, which are largely backed up by obser-
vations, are that ice in outer Solar System objects will be

significantly more D-rich than the initial compositions of
inner Solar System objects (Venus and Mars are now ex-
ceptions, but this is because both have lost significant wa-
ter, which led to enhanced D/H ratios; their original D/H
ratios are thought to be similar to that of the Earth). There-
fore, the Grand Tack and Nice models predict that the par-
ent bodies of the carbonaceous chondrites should have wa-
ter with elevated D/H ratios relative to the Earth. On the
other hand, the ordinary, enstatite and R (Rumuruti-type)
chondrites that are thought to have formed in the inner So-
lar System should have water D/H ratios similar to or below
that of the Earth.

Determining the bulk isotopic composition of water in
chondrites is not straightforward because hydrated minerals
are generally very fine grained and intimately mixed with
D-rich organic matter. Internal isotopic fractionation and
exchange processes may also have operated during aque-
ous alteration. Lastly, there is the possibility of terrestrial
contamination due to weathering and exchange with atmo-
spheric water. To try to overcome these problems, Alexan-
der et al. (2012) used the bulk elemental and isotopic com-
positions of hydrogen and carbon in chondrites to estimate
the water D/H ratios for a number of chondrite groups, by
extrapolating to C/H = 0 on a plot of δD vs. C/H. They
found no evidence for severe terrestrial water contamination
and concluded that the CI (Ivuna-type) and CM (Mighei-
type) carbonaceous chondrites, as well as the unique car-
bonaceous chondrite Tagish Lake, have bulk water D/H ra-
tios that are significantly (≥40%) depleted in D compared
to the Earth. Only the CR chondrites have water D/H ra-
tios that are higher than Earth’s, but only by ∼15% and not
the factor of ∼2 seen in most comets. On the other hand,
water in the most primitive ordinary chondrite, Semarkona,
is enriched in D by roughly a factor of two compared to
the Earth, which is similar to those of Oort Cloud comets
(OCCs). Previous in situ measurements of hydrated sili-
cates in an R chondrite showed that it contains water that
is more D-rich than any measured comet (McCanta et al.,
2008). The water contents of other carbonaceous chon-
drite groups (CO, Ornans-type; CV, Vigarano-type; CK,
Karoonda-type; CH, Allan Hills 85085-like; and CB) are
too low to obtain reliable water D/H ratios.

These results are the reverse of what was anticipated
from the Grand Tack models and Nice models. The Tag-
ish Lake results are particularly problematic for the Nice
model. Spectroscopically, Tagish Lake resembles D-type
asteroids (Hiroi et al., 2001), and it was D-type asteroids
that Levison et al. (2009) suggested were the most likely
to have been implanted into the outer asteroid belt during
the Nice planetary migrations. If the OCCs and Enceladus
formed between the giant planets, the lower water D/H ra-
tios in all carbonaceous chondrites suggest that they did
not form much beyond the orbit of Jupiter. On the other
hand, if the OCCs formed in the same regions as the JFCs
(i.e., beyond 15 AU) as some prefer, Enceladus becomes
the only constraint on water D/H ratios in the interplanetary
region. The high D/H ratio of Enceladus indicates that it
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formed towards the end of Saturn’s growth when accretion
rates were low and the saturnian subdisk was cool (Waite
et al., 2009). Otherwise, H2-H2O reequilibration would
have driven down the D/H ratio of the water. In the Grand
Tack model, Saturn approaches its final mass as it migrates
outwards from ∼3 AU to ∼7 AU. Thus, Enceladus indi-
cates that the carbonaceous chondrites formed <7 AU from
the Sun and possibly <3 AU (Alexander et al., 2012). This
is in contrast to the predictions of the Grand Tack model that
the asteroid belt would have been repopulated with bodies
from distances out to ∼13 AU following the Grand Tack.

The fact that the ordinary and R chondrites have much
higher D enrichments in their water than the carbonaceous
chondrites does not necessarily mean that they formed in
the outer Solar System or accreted water ice that had mi-
grated into the inner Solar System. There are potentially
very large hydrogen isotopic fractionations associated with
the oxidation of metallic iron by water that will leave the re-
maining water isotopically much heavier (Alexander et al.,
2010). The extent of any D-enrichments will have depended
on the fraction of water consumed by these reactions and the
temperature of reaction. The ordinary chondrites, at least,
seem to have had much lower water/metal ratios on their
parent bodies than the CI, CM, CR and Tagish Lake car-
bonaceous chondrites and, as a result, a much higher frac-
tion of their water was consumed by metal oxidation. Con-
sequently, it is not surprising that the remaining water in
Semarkona is much more D-rich. This process should have
also affected the carbonaceous chondrites, so that their wa-
ter D/H ratios at the time of accretion would also have been
lower than estimated by Alexander et al. (2012), increasing
the difference in the water D/H ratios between them and the
measured outer Solar System objects. At present, it appears
that both ordinary and carbonaceous chondrites formed rel-
atively close to the Sun, contradicting the predictions of the
two dynamical models.

3.2. D/H constraints on the sources of the Earth’s
volatiles

The high water D/H ratios in the measured OCCs make
them unlikely candidates for the major sources of Earth’s
water. The same conclusion applies to the Moon and Mars,
because the hydrogen isotopic compositions of water in
their interiors, inferred from measurements of martian me-
teorites and lunar samples, appear to be similar to that of
the Earth’s (e.g., Usui et al., 2012; Hallis et al., 2012; Saal
et al., 2013). As discussed above, it seems unlikely that
planetesimals from much of the giant planet region were
the sources of the Earth’s water. The limits on how far from
the Sun volatile planetesimals could have come from are
largely determined by the formation location of Enceladus,
which would have been between 3 and 7 AU in the context
of the Grand Tack model.

Based on the Earth-like water D/H ratio of Hartley 2, it
has been suggested that JFCs are potential sources for the
Earth’s volatiles (Hartogh et al., 2011). However, there are

number of reasons that make this unlikely. First, the planets
would have accreted whole comets and not just their ices.
Comets are thought to be organic-rich and, if these organ-
ics are similar to those in chondrites and IDPs, this organic
material is very D-rich. As a result, the bulk D/H ratio of
Hartley 2 (and other comets) is likely to be significantly
higher than the Earth’s (Alexander et al., 2012). Second,
delivery of large numbers of JFCs to the Earth from their
source region in the Kuiper Belt requires a mechanism like
the orbital migration envisaged by the Nice model. The
Nice model takes place several hundred million years af-
ter the earliest evidence for the existence of an atmosphere
(Pepin and Porcelli, 2006; Mukhopadhyay, 2012) and ocean
(Harrison, 2009) on the Earth. Third, the evidence from
highly siderophile element abundances and isotopic com-
positions is that the material accreted by the Earth after
the end of core formation (the so-called late veneer), nor-
mally assumed to be the Moon-forming impact (∼4.4–4.5
Ga ago: Touboul et al., 2007; Borg et al., 2011), was too
little (∼0.5%) to account for Earth’s volatile budget and
was not carbonaceous-chondrite-like but closer in compo-
sition to the volatile-poor enstatite and ordinary chondrites
(Walker, 2009; Burkhardt et al., 2011). Indeed, recent mod-
els suggest that most of the material accreted since the end
of core formation was from the inner asteroid belt (Bottke
et al., 2010, 2012).

Thus, asteroids remain the most likely sources of
volatiles for the Earth and the other terrestrial planets. As-
suming that all the major types of asteroid are represented
in our meteorite collections, which ones most closely re-
semble estimates of the Earths volatile budget? The aque-
ously altered carbonaceous chondrites are the only mete-
orite groups that contain sufficient volatile contents. In
terms of both hydrogen and nitrogen isotopes, the Earth’s
bulk composition most closely resembles those of the CI
and CM carbonaceous chondrites (Alexander et al., 2012).
Estimates of the relative abundances of hydrogen, carbon,
chlorine, bromine, iodine, and the noble gases (except
xenon) in the Earth are also similar to CI and CM chon-
drites (Marty, 2012; Marty et al., 2013). Addition of about
2 wt% of CI material (or somewhat more CM material)
would explain the absolute abundances of these elements
in the Earth (Alexander et al., 2012; Marty, 2012; Marty
et al., 2013). To satisfy the siderophile element isotopic
constraints, accretion of CI/CM material must have pre-
dated the end of core formation (i.e., the Moon-forming
impact).

4. EARLY SOLAR SYSTEM PROCESSES AND
CHRONOLOGY

4.1. Origin of refractory inclusions, chondrules and
matrices: current views

Chondritic meteorites consist of three major compo-
nents: refractory inclusions (calcium, aluminum-rich in-
clusions (CAIs) and amoeboid olivine aggregates (AOAs)),
chondrules, and fine-grained matrices.
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The mineralogy and major element chemistry of refrac-
tory inclusions are similar to those expected for solids in
equilibrium with a high-temperature (≥1350 K) gas of so-
lar composition (e.g., Grossman et al., 2002). Oxygen-
isotope compositions of refractory inclusions are enriched
in 16O relative to the Standard Mean Ocean Water (SMOW)
(δ17,18O∼–50h, ∆17O∼–25h, where δ17O and δ18O
are defined in the caption to Fig. 1 and ∆17O=δ17O–0.52
×δ18O; Yurimoto, 2008; Gounelle et al., 2009a) and simi-
lar to that of the Sun inferred from the analyses of the solar
wind returned by the Genesis spacecraft (McKeegan et al.,
2011, Fig. 1). CAIs preserve isotopic records of solar en-
ergetic particle irradiation (see Section 4.5). It is inferred
that refractory inclusions formed by evaporation, conden-
sation, aggregation, and, in some cases, melting in a gas
of approximately solar composition in a hot (ambient tem-
perature ≥1350 K) part of the protoplanetary disk, possibly
near the proto-Sun. They were subsequently transported
throughout the disk, possibly by a stellar wind (Shu et al.,
1996), by turbulent mixing (Ciesla, 2010), and/or by grav-
itational instabilities following FU-Orionis outbursts (Boss
et al., 2012), and accreted into chondrites and comets.

Chondrules, up to mm-sized spherules of silicate, metal
and sulfide, are the most characteristic features of chon-
drites, with the exception of the CI chondrites. The chon-
drules in each chondrite group have a distinct range of
physical and chemical properties, as well as abundances
(from 20 to 70–80 vol%; Brearley and Jones, 1998; Jones
et al., 2005; Rubin, 2010). The mineralogy, petrology
and bulk chemistry of chondrules indicate that they formed
by localized transient heating events in the dust-enriched
relatively cold (ambient temperature ≤650 K) regions of
the protoplanetary disk having 16O-depleted compositions
(∆17O∼±5h) compared to the majority of refractory in-
clusions (e.g., Alexander et al., 2008; Krot et al., 2009).
Most chondrules formed by incomplete melting of isotopi-
cally diverse solid precursors, including refractory inclu-
sions, chondrules of previous generations, and, possibly,
fragments of thermally processed planetesimals (Scott and
Krot, 2014). Chondrules in the CB carbonaceous chondrites
appear to have formed by complete melting of solid pre-
cursors and by gas-liquid condensation, most likely in an
impact-generated plume (Krot et al., 2005, 2010b; Olsen
et al., 2013). For additional information about the physico-
chemical conditions and possible mechanisms of chondrule
formation, see below.

Fine-grained matrices in primitive (unmetamorphosed
and unaltered) chondrites consist of µm-sized crystalline
magnesian olivine and pyroxene, Fe,Ni-metal and sulfides,
and amorphous ferromagnesian silicates (e.g., Abreu and
Brearley, 2010). Whether matrix and chondrules are chem-
ically complementary and therefore genetically related is
still a matter of debate (Bland et al., 2005; Hezel and Palme,
2010; Zanda et al., 2012). It has been argued that a signif-
icant fraction of matrix materials experienced evaporation
and recondensation during chondrule formation (e.g., Was-
son, 2008), because fine-grained materials would certainly

have evaporated under the conditions of chondrule melting
and cooling. However, fine-grained matrices of unmeta-
morphosed chondrites also contain presolar silicates, sili-
con carbide, and graphite (Zinner, 2014), as well as other
highly unequilibrated materials (Alexander et al., 2001;
Alexander, 2005; Bland et al., 2007), including organic
matter (e.g., Alexander et al., 2007). None of these materi-
als can have been heated to high temperature during chon-
drule formation, as their isotopic and chemical signatures
would have been erased by exchange during evaporation,
mixing with chondrule gases, and recondensation.

4.2. Astrophysically and cosmochemically important
short-lived and long-lived radionuclides

The elements in the Solar System were formed in pre-
vious generations of stars. Their relative abundances rep-
resent the result of the general chemical evolution of the
Galaxy enhanced by local additions from one or more
neighboring stellar sources prior to, contemporaneously
with, or after the collapse of the protosolar molecular cloud.
Some of the elements are radioactive and decay to stable
isotopes with different half-lives. The decay products of ra-
dioactive isotopes can be measured with high precision us-
ing various kinds of mass spectrometry (thermal ionization
mass spectrometry, TIMS; secondary ion mass spectrome-
try, SIMS; and inductively-coupled plasma mass spectrom-
etry, ICPMS). These measurements provide the basis for
understanding: (1) the astrophysical setting of the Solar
System formation; (2) the irradiation environment in the
protoplanetary disk; (3) the chronology of the processes in
the early Solar System such as the formation of refractory
inclusions and chondrules, and aqueous alteration, meta-
morphism, melting and differentiation of planetesimals;
and (4) the lifetime of the protoplanetary disk. In this sec-
tion, we summarize recent developments in understanding
the origin and distribution of several short-lived radionu-
clides (SLRs; t1/2≤100 Ma; Table 1) having important as-
trophysical and cosmochemical implications (10Be, 26Al,
36Cl, 41Ca, 53Mn, 60Fe, and 182Hf). We also summarize the
latest results on absolute chronology of CAIs, chondrules,
and differentiated meteorites. For an up-to-date survey of
SLRs, see Davis and McKeegan (2014).

4.3. Aluminum-26

4.3.1. Origin and distribution of 26Al in the early Solar
System: current views

The short half-life of 26Al and its presence in the earli-
est solids formed in the inner Solar System (CAIs, chon-
drules, chondrites, and achondrites; Lee et al., 1977; Davis
and McKeegan, 2014, and references therein) make it an
important heat source for early accreted planetesimals. If
26Al was uniformly distributed in the inner Solar System,
it is also important for high precision relative chronology
of CAI and chondrule formation and melting and differen-
tiation of planetesimals. Both the origin (local irradiation
vs. external stellar nucleosynthesis) and distribution (ho-
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Table 1: Selected early Solar System SLRs.

R D S t1/2 R/S
10Be 10B 9Be 1.387 (0.3–10)×10−3

26Al 26Mg 27Al 0.717 (5.23±0.13)×10−5

36Cl 36S&36Ar 35Cl 0.301 �2 ×10−5

41Ca 41K 40Ca 0.102 4×10−9

53Mn 53Cr 55Mn 3.74 (6.71±0.56)×10−6

60Fe 60Ni 56Fe 2.62 (9.7±1.9)×10−9

182W 182Hf 180Hf 8.90 (9.81±0.41)×10−6

R is the radionuclide, D its daughter isotope, S the refer-
ence stable isotope, and t1/2 is the half-life in Ma (from
http://www.nndc.bnl.gov, except for 60Fe, which is from Rugel
et al., 2009). Inferred early Solar System ratios, R/S, are from
Davis and McKeegan (2014), except for 60Fe (see section 4.4).,
scaled to an absolute Solar System age of 4,567.30 Ma, which is
inferred from absolute ages of CV CAIs (Connelly et al., 2012)

mogeneous vs. heterogeneous) of 26Al in the early Solar
System remain controversial.

4.3.2. Heterogeneous distribution of 26Al in the proto-
planetary disk during an epoch of CAI formation

CAIs are the oldest Solar System solids that have been
dated (Amelin et al., 2010; Bouvier et al., 2011; Con-
nelly et al., 2012) and, therefore, provide important con-
straints on the origin and distribution of 26Al in the early
Solar System. On an isochron diagram (26Mg/24Mg vs.
27Al/24Mg), the compositions of whole CAIs from the
CV chondrite Allende measured by multicollector ICPMS
(MC-ICPMS) yield a well-defined regression line (model
isochron) with the initial 26Al/27Al ratio, (26Al/27Al)0,
of (5.23±0.13)×10−5 (Jacobsen et al., 2008), named
the “canonical” ratio. A similar value for (26Al/27Al)0,
(5.25±0.02)×10−5, was later inferred from measurements
of whole CAIs and AOAs from the less-altered CV chon-
drite Efremovka (Fig. 2; Larsen et al., 2011). The previ-
ously reported so-called “supracanonical” (26Al/27Al)0 val-
ues (≥5.6×10−5) in CV CAIs (Young et al., 2005; Thrane
et al., 2006) appear to be either analytical artifacts or the
result of late-stage disturbances of the 26Al-26Mg system-
atics of the CV CAIs in the solar nebula and/or in the CV
chondrite parent asteroid.

The canonical 26Al/27Al ratio and the reported homo-
geneity of this ratio to ∼2% in the whole-rock CV CAIs are
often interpreted as evidence for: (1) uniform distribution
of 26Al in the Solar System; and (2) a very short (≤0.04
or ≤0.002 Ma) duration of CAI formation (e.g., Jacobsen
et al., 2008; Larsen et al., 2011, respectively). This inter-
pretation, however, has several caveats and is most likely
incorrect. (1) The CAI-forming region could have had a
different initial 26Al/27Al ratio from the rest of the proto-
planetary disk. (2) There are multiple generations of CAIs
in different chondrite groups (e.g., Krot et al., 2009, and ref-
erences therein), but 26Al-26Mg systematics has been mea-

Fig. 2.— (a) Al-Mg isochron for bulk AOAs and CAIs from the
reduced chondrite Efremovka. (b) The bulk Efremovka CAI-AOA
isochron intercepts the solar 27Al/24Mg at µ26Mg∗ = 22.2±1.4
ppm, whereas CI chondrites define a µ26Mg∗ value of 4.5±1.0
ppm. µ26Mg∗=((26Mg/24Mg)/(26Mg/24Mg)Earth)–1)×106, after
correction for mass-dependent fractionation. After Larsen et al.
(2011).

sured with high precision only in CV CAIs. (3) Some CAIs
are known to have formed with (26Al/27Al)0 lower than the
canonical value, but otherwise have the similar mineralogy
and oxygen isotopic compositions to CAIs with the canon-
ical (26Al/27Al)0 (e.g., Simon et al., 2002; Liu et al., 2009,
2012a; Makide et al., 2011; Krot et al., 2008, 2012; Holst
et al., 2013). Based on these observations, it is inferred that
26Al was heterogeneously distribured in the CAI-forming
region during an epoch of CAI formation. CAIs may have
recorded injection of 26Al into the protosolar molecular
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cloud or its core, and its subsequent homogenization in the
protoplanetary disk. Therefore, the duration of the CAI-
forming epoch cannot be inferred from 26Al-26Mg system-
atics of refractory inclusions. The canonical 26Al/27Al ra-
tio recorded by CV CAIs does not necessarily represent the
initial abundance of 26Al in the whole Solar System. In-
stead, it may (Kita et al., 2013) or may not (Larsen et al.,
2011) represent the average abundance of 26Al in the pro-
toplanetary disk, which depends on the formation time of
the canonical CV CAIs relative to the timing of the comple-
tion of delivery of stellar 26Al to the disk and degree of its
homogenization in the disk (Kita et al., 2013).

4.3.3. Evidence for and against heterogeneous distribu-
tion of 26Al in the disk after the epoch of CAI for-
mation

There is an on-going debate concerning the level of 26Al
heterogeneity in the protoplanetary disk after the epoch
of CAI formation (e.g., Larsen et al., 2011; Kita et al.,
2013). Larsen et al. (2011) reported a very precise model
Al-Mg isochron of the bulk CV CAIs and AOAs, with
an initial 26Al/27Al ratio of (5.25±0.02)×10−5 and a y-
intercept or initial µ26Mg∗ of –15.9±1.4 ppm (Fig. 2).
Larsen et al. (2011) also demonstrated widespread hetero-
geneity in the mass-independent magnesium isotopic com-
position (µ26Mg∗) of bulk chondrites having solar or near-
solar Al/Mg ratios (Figs. 2b, 3), and attributed this variabil-
ity largely to heterogeneity in the initial abundance of 26Al
across the protoplanetary disk, although they allowed mag-
nesium isotopic heterogeneity as another possibility.

Kita et al. (2013) argue that the combined (CAIs+AOAs)
bulk Al-Mg isochron reported by Larsen et al. (2011) is
compromised by AOAs, which could have formed later than
CAIs. If the regression line is calculated only for bulk CAIs,
the bulk 26Mg of chondrites are consistent with uniform dis-
tribution of 26Al in the disk at the canonical level (Fig. 4).

A rare type of CAI containing mass-fractionated oxy-
gen, magnesium, and silicon isotopic composition and
mass-independent anomalies in a number of elements that
are an order of magnitude or more larger than those in
normal CAIs was discovered in the late 1970s (Clayton
and Mayeda, 1977; Wasserburg et al., 1977; MacPherson,
2014). These CAIs were named “FUN” inclusions, for
their fractionated and unidentified nuclear isotopic anoma-
lies. Wasserburg et al. (2012) reported a deficit in bulk
26Mg (–127±32 ppm) in a Allende FUN CAI having a
canonical (26Al/27Al)0, (5.27±0.18)×10−5, and concluded
that the whole-rock magnesium isotopic compositions of
chondrites cannot be used as an argument in favor of 26Al
heterogeneity in the protoplanetary disk.

The reported mismatch of ∼1 Ma between the abso-
lute uranium-corrected Pb-Pb (see section 4.7) and relative
26Al-26Mg ages of quenched angrites (basaltic achondrites
that crystallized rapidly and suffered no subsequent ther-
mal metamorphism and internal reequilibration; Amelin,
2008; Spivak-Birndorf et al., 2009; Larsen et al., 2011)

Fig. 3.— µ26Mg∗ values for chondrites (CI, O, E, and R), dif-
ferentiated meteorites (angrites, acapulcoites, and ureilites) , and
Martian meteorites (Mars). From Larsen et al. (2011).

vs. CAIs, appears to support heterogeneity in the initial
abundance of 26Al of a factor of ∼2 across the disk. This
conclusion has been recently questioned by Kruijer et al.
(2014). These authors compared 182Hf-182W, 26Al-26Mg
and U-corrected Pb-Pb ages of angrites (Spivak-Birndorf
et al., 2009; Schiller et al., 2010; Brennecka and Wadhwa,
2012; Kleine et al., 2012) and canonical CAIs (Jacobsen
et al., 2008; Connelly et al., 2012; Kruijer et al., 2014), and
found no evidence for 26Al heterogeneity in the disk regions
where the angrite parent body and CAIs formed.

4.3.4. Variations in initial 26Al/27Al ratios among chon-
drules

The initial 26Al/27Al ratios inferred from internal
isochrons of chondrules in the least metamorphosed chon-
drites (petrologic type 3.0) are systematically lower than
the canonical CV CAI value (Fig. 5). If 26Al was uniformly
distributed in the protoplanetary disk at the canonical level,
these observations suggest that most chondrules formed
1–3 Ma after CAIs with the canonical 26Al/27Al ratio.

Most chondrules within a single chondrite group show
a narrow range of (26Al/27Al)0 (Fig. 5), suggesting forma-
tion from an isotopically uniform reservoir, possibly within
a short period time (Kita and Ushikubo, 2012). There
are, however, resolvable differences in (26Al/27Al)0 among
some chondrules within individual chondrites as well (Vil-
leneuve et al., 2009, Fig. 5), suggesting accretion of several
generations of chondrules into the same asteroidal body.
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Fig. 4.— The 26Al-26Mg system of bulk chondrites; data from
Schiller et al. (2010) and Larsen et al. (2011). Bulk CAI-AOA
isochron is from Larsen et al. (2011) with intercept at –15.9±1.4
ppm and the (26Al/27Al)0=(5.25±0.02)×10−5. The bulk CAI-
chondrite isochron is from Schiller et al. (2010) with an inter-
cept of –34.0±1.6 ppm and the (26Al/27Al)0=(5.21±0.06)×10−5,
which combined bulk CAI data of Jacobsen et al. (2008). From
Kita et al. (2013).

Fig. 5.— The inferred initial 26Al/27Al ratios in chondrules
(chds) from unequilibrated ordinary chondrites (UOCs), CO and
CR carbonaceous chondrites, and the Acfer 094 (ungrouped) car-
bonaceous chondrite, and CAIs in CR and CV carbonaceous chon-
drites. Data from Kita et al. (2000); Kita and Ushikubo (2012);
Mostefaoui et al. (2002); Nagashima et al. (2007, 2008); Kura-
hashi et al. (2008); MacPherson et al. (2010, 2012); Ushikubo
et al. (2013); Schrader et al. (2013).

4.4. Iron-60
60Fe β-decays to 60Ni with a half-life of 2.62 Ma (Rugel

et al., 2009), which is significantly longer than the value
used in earlier publications (1.5 Ma). Although the pres-
ence of live 60Fe in the early Solar System was demon-
strated almost 20 years ago (Shukolyukov and Lugmair,
1993), the initial abundance of 60Fe in the Solar System
has seen some significant downward revisions. High ini-
tial 60Fe/56Fe ratios (up to ∼10−6) were originally reported

in sulfides and ferromagnesian silicates in unequilibrated
ordinary chondrites (UOC) using SIMS (e.g., Tachibana
and Huss, 2003; Mostefaoui et al., 2005; Tachibana et al.,
2006). During the last several years, the estimates of the
initial 60Fe/56Fe ratio in the Solar System have varied from
1×10−8 to 5×10−7. Such a broad range of (60Fe/56Fe)0
largely reflects differences between Fe-Ni isotope measure-
ments by SIMS and MC-ICPMS, which are not fully under-
stood and may reflect: (1) the heterogeneous distribution of
60Fe in the early Solar System; (2) disturbances of Fe-Ni
systematics in some or all of the meteorites studied; or (3)
analytical artifacts. Here, we summarize the latest results
of Fe-Ni isotope measurements of chondrules and differen-
tiated meteorites by SIMS, MC-ICPMS, and TIMS.

Telus et al. (2012) demonstrated that much of the previ-
ously published SIMS Fe-Ni isotope data were statistically
biased due to improper data reduction as discussed in de-
tail by Ogliore et al. (2011). After correcting the data, most
of the originally reported high initial 60Fe/56Fe ratios (e.g.,
Tachibana and Huss, 2003; Tachibana et al., 2006) became
unresolvable or much lower than the original estimates. The
most recently reported initial 60Fe/56Fe ratios in ferromag-
nesian chondrules from UOCs measured by SIMS (Telus
et al., 2013) revealed that 16 out of 18 chondrules show no
clear evidence for resolvable 60Ni excess with typical upper
limits on (60Fe/56Fe)0 of ≤2×10−7. Although two other
chondrules show resolvable (60Fe/56Fe)0, the isochron re-
gressions through the data show weak correlations and have
reduced χ2 of 11 and 3.3, suggesting that there has been a
disturbance of the Fe-Ni isotope systematics, most likely
during fluid-assisted thermal metamorphism.

Recent MC-ICPMS and TIMS measurements of bulk
chondrules in unequilibrated ordinary chondrites give
(60Fe/56Fe)0 of ∼1×10−8 (Tang and Dauphas, 2012;
Spivak-Birndorf et al., 2012; Chen et al., 2013). This
value is consistent with the estimated (60Fe/56Fe)0 in the
Solar System inferred from Fe-Ni isotope measurements
by MC-ICPMS of the whole-rock and minerals separates
of quenched angrites with measured absolute ages (Quitté
et al., 2010; Spivak-Birndorf et al., 2011b,a; Quitté et al.,
2011; Tang and Dauphas, 2012) and with 4565 Ma troilite
(FeS) from an iron meteorite (Moynier et al., 2011). 60Fe
is coproduced with 58Fe in supernovae and in asymptotic
giant branch (AGB) stars (Dauphas et al., 2008). Those
authors and Tang and Dauphas (2012) measured iron and
nickel isotopes in their studies of the 60Fe-60Ni system and
found no anomalies in 58Fe. They inferred that 60Fe was
uniformly distributed in the protoplanetary disk with an
initial 60Fe/56Fe ratio of ∼10−8 (Fig. 6).

4.5. 10Be, 36Cl, and 41Ca: Irradiation tracers

4.5.1. Beryllium-10

Since its discovery (McKeegan et al., 2000), 10Be has
been identified in many CAIs from a variety of mete-
orite groups. Most CAIs have inferred initial 10Be/9Be ra-
tios of (3–9)×10−4 (MacPherson et al., 2003; Chaussidon
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Fig. 6.— (a) 60Fe-60Ni isochron diagram of the quenched
angrite D’Orbigny, which has a uranium-corrected Pb-Pb age of
4563.37±0.25 Ma (Brennecka and Wadhwa, 2012). Following
correction for 60Fe decay after formation of CV CAIs with a
uranium-corrected Pb-Pb absolute age of 4567.30±0.13 Ma (Con-
nelly et al., 2012), these measurements give a 60Fe/56Fe ratio at
the time of CV CAI formation of (9.7±1.8)×10−9. (b) 60Fe-60Ni
isochron diagram of chondrules from UOCs Semarkona (LL3.0),
NWA 5717 (ungrouped 3.05), and Chainpur (LL3.4). The inferred
initial 60Fe/56Fe ratio of (1.04±1.31)×10−8 is inconsistent with
the higher values inferred from the in situ SIMS measurements of
some chondrules in UOCs ∼2×10−7. From Tang and Dauphas
(2012).

et al., 2006; Liu et al., 2009, 2010; Wielandt et al., 2012;
Srinivasan and Chaussidon, 2013), but one CAI from the
Isheyevo CB/CH chondrite has an initial 10Be/9Be ratio of
10−2 (Gounelle et al., 2013). This variability contradicts
the presolar origin for 10Be via trapping of galactic cosmic
rays suggested by Desch et al. (2004), while the produc-
tion in the solar atmosphere recently proposed by Bricker
and Caffee (2010) is not expected to produce the high ini-
tial 10B excesses observed in some CAIs (Chaussidon et al.,
2006; Gounelle et al., 2013). The more likely origin of 10Be
is a combination of inherited molecular cloud 10Be gener-
ated via enhanced trapping of galactic cosmic rays and an

early irradiation possibly during the infrared classes 0 and I
(Wielandt et al., 2012; Gounelle et al., 2013). Model calcu-
lations indicate that the fluences necessary to have produced
10Be could be as high as a few 1020 cm−2 (Duprat and
Tatischeff , 2007; Gounelle et al., 2013), consistent with X-
ray observations of protostars that record intense magnetic
activity that can accelerate protons (Feigelson, 2010).

4.5.2. Chlorine-36

Although the main decay product of 36Cl is 36Ar (98%),
most studies have focused on the 36S decay channel, which
is easier to measure by in situ SIMS techniques. During
the lifetime of the protoplanetary disk, chlorine is present
mainly as HCl gas; it will likely condense by reaction with
solids below 400 K; the solid HCl hydrate (HCl•3H2O)
could form when temperatures fall below ∼160 K and ad-
here to mineral grains and water ice particles (Zolotov and
Mironenko, 2007), but equilibrium seems unlikely at such
low temperatures. Chlorine is a mobile element that is
easily transported in an aqueous solution. It is present
almost exclusively in secondary minerals formed during
fluid-assisted thermal metamorphism. 36S excesses were
detected in sodalite and wadalite replacing primary miner-
als in CAIs from the CV chondrites Allende and Ningqiang
(Lin et al., 2005; Hsu et al., 2006; Nakashima et al., 2008;
Jacobsen et al., 2011). The inferred initial 36Cl/35Cl ratio in
sodalite and wadalite varies from 1.8×10−6 to 1.8×10−5).
Both minerals formed during late-stage alteration on the CV
parent asteroid, after the nearly complete decay of 26Al, ∼3
Ma after CV CAIs (Brearley and Krot, 2012). Correction
for decay using 26Al/27Al as a chronometer yields inferred
inner Solar System 36Cl/ 35Cl values that are far in excess
of what can be produced in stars, excluding a stellar origin
for 36Cl. Instead, late-stage (during the class III phase) so-
lar energetic particle irradiation of either an HCl-rich gas
or dust particles mantled by HCl hydrates prior to accre-
tion into the CV parent asteroid may explain the enhanced
production of 36Cl (Gounelle et al., 2006a; Jacobsen et al.,
2011; Wasserburg et al., 2011).

4.5.3. Calcium-41
41Ca has been positively identified in only a few CAIs

(Srinivasan et al., 1996; Sahijpal et al., 2000; Ito et al.,
2006; Liu et al., 2012b). While its initial abundance was
originally thought to be given by a 41Ca/40Ca ratio of
1.5×10−8, the ratio is now believed to be of the order of
4×10−9 (Ito et al., 2006; Liu et al., 2012b). Given its very
short half-life, it is difficult to envision a stellar origin for
41Ca, except in the case of an improbable fine-tuning of the
injection parameters (Liu et al., 2012b). A more likely ori-
gin is early Solar System irradiation, though at the moment,
models overproduce 41Ca relative to 10Be and their respec-
tive initial Solar System abundances. Such a discrepancy
could be due to erroneous cross sections that have not been
experimentally measured for 41Ca. In addition, it is possi-
ble that the initial 41Ca/40Ca ratio has been underestimated
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in meteoritic measurements, due to the volatile nature of
potassium (41Ca decays to 41K).

4.6. The astrophysical context

Alhough it is clear that 10Be, 36Cl, and 41Ca record ir-
radiation processes rather than a stellar input, there is not
at the moment a unified, coherent model that can account
for observed relative abundances in Solar System objects.
Furthermore, these SLRs might have recorded different ir-
radiation epochs ranging from class 0 to class III protostars.
A more detailed knowledge of the initial content of these
SLRs will help us pin down these different contributions, as
will cross sections measurements (Bowers et al., 2013) and
model improvements. Obviously, given their putative pro-
duction mode, these SLRs are not suitable for early Solar
System chronology.

Short-lived radionuclides with mean-lives that are larger
than 5 Ma probably originate from the galactic background,
and therefore cannot help us decipher the astrophysical con-
text of our Solar System birth (e.g., Meyer and Clayton,
2000), nor can the SLRs discussed above that were made
by irradiation processes. On the contrary, 60Fe and 26Al
are the tools of choice when it comes to understanding the
context of formation of our Sun.

For many years, 60Fe was taken as indisputable evidence
for the presence of a core-collapse supernova (SN) nearby
(∼1 pc) the nascent Solar System, and injection of SLRs
either into the molecular cloud core or into the protoplane-
tary disk (e.g., Boss, 2013; Hester et al., 2004; Gritschneder
et al., 2012). It was, however, shown that the presence of
a supernova close to a protoplanetary disk (or a molecular
core) is highly unlikely (e.g., Williams and Gaidos, 2007;
Gounelle and Meibom, 2008) because by the time a mas-
sive star is ready to explode as a SN, it has carved out a
∼5 pc large HII region where there are no disks or cores.
At the time of a SN explosion, star formation occurs at the
boundary of the HII region, which is too far away to re-
ceive the correct amount of SLRs. In addition, in the case
of the disk, SN injection of SLRs leads to a modification
of the disk oxygen isotopes (except for very specific mod-
els; see Gounelle and Meibom, 2007; Ellinger et al., 2010),
which is not observed. Finally, supernovae produce large
excesses of 60Fe relative to 26Al and their respective Solar
System initial abundances (Vasileiadis et al., 2013). This is
especially true since the initial abundance of 60Fe has been
revised downwards. Therefore, the nearby SN model, first
proposed by Cameron and Truran (1977) can no longer ac-
count for the origin of 60Fe and 26Al in our Solar System.

Given the (low) abundance of 60Fe and its relatively
short half-life (2.6 Ma) compared to the typical mixing
timescales in the Galaxy (∼ 100 Ma, see de Avillez and Mac
Low, 2002), its presence in the nascent Solar System can
be accounted for by supernovae that exploded 10–15 Ma
before the formation of the Sun (Gounelle et al., 2009b),
a setting that can be seen as an extension of the classical
galactic background model.

Any 26Al made with the 60Fe would have essentially
fully decayed before formation of the Solar System. In ad-
dition, the initial abundance of 26Al in the Solar System
appears to have been low and heterogeneous, but rapidly
grew to the canonical value during the epoch of CAI forma-
tion (Liu et al., 2012a). This is contrary to the idea of Jura et
al. (2013) which envisions ubiquitous 26Al at the molecular
cloud scale. These observations require a recent injection
of 26Al by a neighboring star into the protosolar molecular
core prior to or contemporaneously with its collapse. Sev-
eral potential stellar sources of 26Al have been discussed in
the literature. An AGB star has been proposed as a source
(e.g., Wasserburg et al., 2006; Lugaro et al., 2012b), but it is
very unlikely that an AGB star was nearby a low-mass pro-
tostar (Kastner and Myers, 1994). Wolf-Rayet stars were
first suggested by Arnould et al. (1997). Recent models
propose either that 26Al was delivered at the bulk molecu-
lar cloud scale by a set of Wolf-Rayet stars (Gaidos et al.,
2009) or that a single runaway (v≥20 km s−1) WR star in-
jected 26Al in a shock-induced dense shell (Tatischeff et al.,
2010). The problem with the first model is that at the spatial
and temporal scale of a molecular cloud, massive stars ex-
plode as supernovae at the end of the WR stage, leading to
an excess of 60Fe relative to 26Al in the whole cloud. In the
second model, given the required velocity of the star (20 pc
Ma−1) and gas ambient density (n∼100 cm−3) it is likely
that the star will have escaped the molecular cloud well be-
fore it collects enough gas and enters the WR phase during
which 26Al is injected into the cloud. Both models also suf-
fer from the brevity of the WR phase, which means that rare
WR stars have to be in just the right place at the right time.
To escape that caveat, Gounelle and Meynet (2012) have
proposed that 26Al originated in the wind-collected shell
around a massive star. In this model, the dense shell col-
lected by the massive stellar wind is continuously enriched
in 26Al brought at the surface of the star by convection pro-
moted by rotation (Meynet et al., 2008). After several Ma,
the collected shell reaches a density large enough to make it
gravitationally unstable and a new generation of stars forms
in the shell. The Sun would have formed together with hun-
dreds of other stars in such a collected shell. It is therefore
a second generation star, and the massive star having pro-
vided 26Al can be seen as its parent star. This mechanism is
generic in the sense that this mode of star formation, though
not the rule, is relatively common (Hennebelle et al., 2009).
The Gounelle and Meynet (2012) model for formation of
the Sun as one of many stars secondary to a massive star
strongly constrains the astrophysical context of our Sun’s
formation, as it requires that the parent cluster to which the
parent star belongs contains roughly 1200 stars. Although
WR wind models are attractive for allowing the possibility
of formation of new stars with high 26Al/60Fe, the hydro-
dynamic models of Boss and Keiser (2013) show that WR
winds are likely to cause molecular cloud cores to shred,
rather than collapse. Because this conclusion depends on
density, numerical simulations is the next step to explore
the origin of wind-delivered 26Al in the Solar System. Al-
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though considerable progress has been made, there is more
to be done to gain a full understanding of the origin of SLRs
in the early Solar System.

4.7. Chronology of the early Solar System processes

4.7.1. U-Pb absolute chronology and 235U/238U ratio in
the Solar System

In contrast to relative SLR chronologies, chronologies
based on long-lived radionuclide (LLR) systems (e.g.,
235,238U-207,206Pb, 147Sm-143Nd) rely on the knowledge
of the present-day abundances of the parent and daughter
isotopes in a sample and, therefore, are free from assump-
tions of parent nuclide homogeneity. Of the various LLR
systems, the Pb-Pb dating method is the only one precise
enough to establish a high-resolution absolute chronology
of the first 10 Ma of the Solar System. This chronometer
is based on two isotopes of uranium, 238U and 235U, which
decay by chains of successive α- and β-emission to the sta-
ble lead isotopes 206Pb and 207Pb, respectively. This results
in 207PbR/206PbR (where R means radiogenic) ratios that
correspond to the amount of time passed since the U-Pb sys-
tem closed. Quantitatively, the relationship is given by the
equation: 207PbR/206PbR = (235U/238U)×[(eλ1t–1)/(eλ2t–
1)], where λ1 and λ2 are the decay constants of 235U and
238U, respectively, and t is time. The 207PbR/206PbR ratio
of an object (CAI, chondrule) is calculated by extrapolat-
ing from an array of measured lead isotopic values that
represent varying mixtures of radiogenic lead and initial
lead isotopic composition defined by the Nantan iron mete-
orite (Blichert-Toft et al., 2010). The 235U/238U ratio that
has been traditionally assumed to be constant (137.88) in
the Solar System. However, it was recently demonstrated
to vary in CAIs (Brennecka et al., 2010). Furthermore, the
”constant value of 137.88 has turned out to be slightly off in
most other materials (Brennecka and Wadhwa, 2012; Con-
nelly et al., 2012). The observed variations in the 235U/238U
ratio in CAIs correspond to offsets in calculated Pb-Pb ages
of up to 5 Ma. As a result: (1) the use of Pb-Pb isotope
systematics for absolute chronology of a sample requires
measurements of its 235U/238U ratio; and (2) all previously
reported Pb-Pb ages of the early Solar System materials
calculated using a constant 235U/238U ratio of 137.88 are
potentially incorrect.

To understand the degree of uranium isotope heterogene-
ity in the Solar System, Connelly et al. (2012) measured
235U/238U ratios in different Solar System materials—
CAIs, chondrules, bulk chondrites, and achondrites. They
discovered that variations in 235U/238U ratios are observed
only in CAIs; all other Solar System materials are charac-
terized by a constant 235U/238U ratio of 137.786±0.013,
which, is, however, distinctly different from the previ-
ously used value; Brennecka and Wadhwa (2012) inferred
a statistically indistinguishable value for several angrites,
137.780±0.021. Therefore, the previously published Pb-Pb
ages of the Solar System materials should be recalculated
using the new value of the 235U/238U ratio.

4.7.2. U-corrected Pb-Pb ages of CAIs and chondrules

Amelin et al. (2010), Bouvier et al. (2011), and Connelly
et al. (2012) reported uranium-corrected Pb-Pb ages of sev-
eral CAIs with the canonical bulk 26Al/27Al ratio from CV
chondrites. The data reported by Amelin et al. (2010) and
Connelly et al. (2012) are consistent with each other and
suggest formation of CV CAIs at 4567.30±0.16 Ma. This
age is slightly younger than the age reported by Bouvier
et al. (2011), 4567.94±0.31 Ma; the reasons for the dis-
crepancy are not clear yet. In cosmochemistry, the absolute
age of CV CAIs is considered to represent the age of the
Solar System and the time zero for relative SLR chronol-
ogy. We note, however, that: the relationship between the
timing of CAI formation and other stages of the evolution
of the Solar System is not understood yet.

Connelly et al. (2012) reported uranium-corrected Pb-
Pb ages of three chondrules from CV chondrites and
two from ordinary chondrites. These ages range from
4567.32±0.42 to 4564.71±0.30 Ma. Chondrules in CB
chondrites, which appear to have formed in an impact
generated plume (Krot et al., 2005), have a well-defined
younger age, 4562.52±0.44 Ma (Bollard et al., 2013).
These data indicate that chondrule formation started con-
temporaneously with CAIs and lasted for at least 3 Ma.
The inferred duration of chondrule formation provides the
best cosmochemical constraints on the lifetime of the solar
protoplanetary disk.

4.7.3. Manganese-53
53Mn appears to have been uniformly distributed in the

early Solar System and has been extensively used for dat-
ing early Solar System processes (e.g., Nyquist et al., 2009,
and references therein). We note that the initial 53Mn/55Mn
ratio in CV CAIs, the oldest dated solids formed in the So-
lar System, is not known, due to the presence of isotopically
anomalous chromium, the late-stage disturbance of 53Mn-
53Cr systematics in the CV CAIs, and the nonrefractory
nature of manganese. Therefore, the initial 53Mn/55Mn ra-
tio in the Solar System, (6.71±0.56)×10−6, is calculated
using the initial 53Mn/55Mn ratio in the D’Orbigny angrite,
(3.24±0.04)×10−6 (Glavin et al., 2004), and the uranium-
corrected Pb-Pb ages of D’Orbigny, 4563.37±0.25 Ma
(Brennecka and Wadhwa, 2012) and CAIs, 4567.30±0.16
Ma (Connelly et al., 2012).

Manganese and chromium have different solubilities in
aqueous solutions, and are commonly fractionated during
aqueous activity on the chondrite parent asteroids. The
aqueously formed secondary minerals in ordinary and car-
bonaceous chondrites, fayalite (Fe2SiO4) and carbonates
((Ca,Mg,Mn,Fe)CO3), are characterized by high Mn/Cr ra-
tios and, therefore, are suitable for relative age dating by in
situ Mn-Cr isotope measurements using SIMS instruments.
SIMS measurements of 53Mn-53Cr systematics of olivine
and carbonates require suitable standards, which have been
synthesized only recently (Fujiya et al., 2012, 2013; McK-
ibbin et al., 2013; Doyle et al., 2013). As a result, Mn-Cr
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relative ages of fayalite and carbonates published prior to
2012 (e.g., Hutcheon et al., 1998; Hua et al., 2005; Hoppe
et al., 2007; Jogo et al., 2009; Petitat et al., 2011) are incor-
rect, but could be corrected using the new sensitivity fac-
tors. The recently reported 53Mn-53Cr ages of fayalite in
CV and CO chondrites (Doyle et al., 2013), ∼4–5 Ma after
CV CAIs, are indistinguishable from those of carbonates in
CM and CI chondrites (Fujiya et al., 2012, 2013; Jilly et al.,
2013), suggesting that aqueous activity on several chondrite
parent bodies occurred nearly contemporaneously (Fig. 7).

Fig. 7.— 53Mn-53Cr relative ages of aqueously formed minerals
(fayalite, Fe2SiO4; dolomite (Ca,Mg)CO3; and calcite, CaCO3)
in CV, CO, CM, and CI carbonaceous chondrites anchored to
the uranium-corrected Pb-Pb age of the D’Orbigny angrite (Bren-
necka and Wadhwa, 2012). The uranium-corrected Pb-Pb age of
the CV CAIs is from Connelly et al. (2012). Data from Fujiya
et al. (2012, 2013); Doyle et al. (2013); Jilly et al. (2013).

4.7.4. Hafnium-182

Hafnium is a lithophile (oxygen-loving) element and
tungsten is siderophile (metal-loving), so that at equilib-
rium, hafnium partitions into silicate and tungsten into
metal. Thus, the 182Hf-182W system is particularly use-
ful for dating core formation in differentiated planets and
asteroids. Chronological information can be obtained from
this system from two pieces of information: (1) the slope
of an isochron on a 182W/184W vs. 180Hf/184W diagram
gives the 182Hf/180Hf ratio at the time of formation; and
(2) the intercepts of isochrons or the tungsten isotopic
compositions of hafnium-free iron meteorites give the
tungsten isotopic composition at the time of Hf/W frac-
tionation. Differences in 182Hf/180Hf among objects can
be used to construct relative chronologies and the tung-
sten isotopic composition alone can be used for relative
chronology if the Hf/W ratio before differentiation can
be inferred. The early Solar System 182Hf/180Hf at the
time of CAI formation, (9.71±0.41)×10−6, is now well

known, as is the initial 182W/184W ratio, expressed as
ε182W=((182W/184W)sample/(182W/184W)Earth–1)×10000
=–3.51±0.10 (Burkhardt et al., 2008, 2012).

The difference between the early Solar System ε182W
value of –3.51 and the present day bulk Solar System value
of –1.9 (the value found in carbonaceous chondrites today,
Kleine et al., 2009) can be used to infer the timing of core
formation events that led to formation of iron meteorites. A
complication arises, because of the long cosmic exposure
ages of iron meteorites, wherein neutron capture effects
can affect the tungsten isotopic compositions. Uncorrected
iron meteorite data sometimes gave ε182W≤–3.51, which
implied asteroidal differentiation at or before the time of
CAI formation, which is counterintuitive. Reliable methods
based on platinum isotopic compositions have now been
developed to correct for cosmic ray exposure in iron me-
teorites (Kruijer et al., 2013). Data for most iron meteorite
groups with either low cosmic ray exposure ages or reli-
ably corrected tungsten isotopic compositions imply core
formation events 1 to 2.7 Ma after CAI formation (Kruijer
et al., 2012, 2013), which is still very early and may pre-
date formation of most chondrules in the known groups of
chondritic meteorites. It is thought that bodies that formed
early melted and differentiated due to heat generated by the
decay of 26Al, whereas chondritic bodies, which obviously
have never been melted after accreting, formed later when
the amount of 26Al was insufficient for melting.

The tungsten isotopic composition of the Martian man-
tle has been known for some time (Kleine et al., 2009, and
references therein) from analyses of Martian meteorites, but
uncertainty in the Hf/W ratio of the mantle prevented pre-
cise chronological interpretation of the data. Dauphas and
Pourmand (2011) were able to constrain the Hf/W ratio of
the Martian mantle from an excellent correlation they ob-
served between Th/Hf and 176Hf/177Hf ratios in Martian
meteorite samples. This led them to the remarkable con-
clusion that Mars accreted very rapidly and reached half
its present size only 1.8 Ma after Solar System formation.
They suggest that Mars is a stranded planetary embryo, a
conclusion consistent with the Grand Tack scenario (Walsh
et al., 2011).

5. CHONDRULES

Chondrules appear to have formed as largely molten
droplets in brief (hours to days) high temperature heating
events with peak temperatures of 1400–1800◦C and subse-
quent cooling rates of 1–1000◦C h−1 (Hewins et al., 2005;
Miyamoto et al., 2009; Wick and Jones, 2012). From the
abundance of chondrules in chondrites, and their presence
even in comet Wild 2 (Nakamura et al., 2008; Ogliore et al.,
2012), they seem to have been the products of one of the
more pervasive and energetic processes that operated in the
early Solar System.

Given such high formation temperatures and extended
formation timescales, along with the low pressure and
hydrogen-rich conditions of the solar nebula, chondrules
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should have experienced considerable evaporation, not only
of volatile elements, such as sodium and potassium, but also
of major elements like iron, silicon, and magnesium. Free
evaporation (i.e., not limited by diffusion in the melt or
by back-reaction with the evaporated gas) should result in
large, correlated elemental and isotopic variations amongst
chondrules (Davis et al., 2005; Richter et al., 2011). There
are elemental variations amongst chondrules that appear to
be related to volatility (Jones et al., 2005). However, despite
numerous searches, no large or systematic isotopic varia-
tions have been found in chondrules (Davis et al., 2005;
Georg et al., 2007; Hezel et al., 2010).

The favored explanation for the limited isotopic vari-
ations found in chondrules is that chondrules formed in
dense enough clumps. In dense clumps, there needs to be
proportionately less evaporation from chondrules before an
equilibrium vapor is generated and isotopic exchange be-
tween gas and condensed phases can occur. The smaller
the amount of evaporation that is required, the faster the
chondrules can reequilibrate with the vapor, thereby eras-
ing the isotopic fractionations. Modeling suggests that rel-
atively high pressures (roughly 10−4 to 10−3 bars) and
solid(chondrule+dust)/gas enrichments (∼1000 times so-
lar) would be needed in the nebula to reduce isotopic
fractionations to observed levels on chondrule formation
timescales (Alexander, 2004; Fedkin et al., 2012). These
conditions are inconsistent with ambient nebular condi-
tions, but could potentially be achieved through shock wave
heating/compression (Desch et al., 2005; Morris and De-
sch, 2010; Hood and Weidenschilling, 2012; Morris et al.,
2012) of regions that had already experienced solid enrich-
ment through turbulent concentration (Cuzzi et al., 2008).
However, turbulent concentration produces a spectrum of
solid enrichments in the nebula, with most of the material
in regions with much lower enrichments. It is puzzling,
therefore, that we do not find any evidence for chondrules
with large isotopic fractionations that formed in these less
enriched environments.

Even with the above conditions, there should have been
complete evaporative loss of volatile elements like sodium
and potassium at near peak temperatures. These elements
would not have reentered the chondrules until after crystal-
lization of the major minerals olivine and pyroxene were
almost complete (Ebel and Grossman, 2000; Fedkin et al.,
2012). The recent discovery that sodium was present in
chondrules at near its current levels throughout crystalliza-
tion (Alexander et al., 2008; Borisov et al., 2008; Hewins
et al., 2012) has led to a dramatic increase in the estimates
of the number densities of chondrules in their formation re-
gions (Alexander et al., 2008; Fedkin and Grossman, 2013).
Morris et al. (2012) suggested that the chondrule densities
could have been lower if they formed in the bow shock of
a planetary embryo with a magma ocean. They suggest
that outgassing from a magma ocean would have created
a relatively volatile-rich environment in the regions where
the chondrules would have formed. However, it is not just
volatiles like sodium that require high chondrule number

densities. Iron-metal and sulfide also require high densities
to prevent them from experiencing extensive evaporation
(Alexander and Ebel, 2012). Iron and sulfur are less likely
to have had high enough vapor pressures above a magma
ocean because the high bulk densities of metal and sulfide
melts will have caused them to sink to a planetesimal’s core.
There is also textural evidence that chondrules formed in
very high-density regions where chondrule-chondrule colli-
sion and aggregation were common (Hutchison et al., 1980;
Alexander and Ebel, 2012; Metzler, 2012).

The very high chondrule number density estimates dur-
ing formation cannot, at present, be explained by purely
nebula-based models. This, along with the evidence that
chondrites may have formed after the parent bodies of many
differentiated meteorites (section 4.7.1), has led to a re-
newed interest in chondrule formation by planetesimal col-
lisions (Asphaug et al., 2011; Sanders and Scott, 2012; Fed-
kin and Grossman, 2013). Formation of impact melts dur-
ing collisions between cold objects would have been rela-
tively inefficient, with most of the energy going into frag-
mentation of the impactors (Davison et al., 2010). Rela-
tive to chondrules, fragments of preexisting objects are rare
in chondrites. However, if the impactors were internally
heated by short-lived radionuclides, perhaps even partially
or completely molten, droplet formation in the impact ejecta
may have been much more efficient. Indeed, Libourel and
Krot (2007) have suggested on textural grounds that chon-
drules contained planetesimal material in their precursors.

Nevertheless, many details of the impact scenario for
chondrule formation remain to be worked out. For in-
stance, realistic pressure-temperature-time histories of im-
pact ejecta have yet to be calculated for comparison with
chondrule thermal histories and compositions. Molten plan-
etesimals are likely to differentiate rapidly, requiring the
mantle and core to be remixed in the impact to explain the
metal and sulfide in chondrules. There is also no geochem-
ical evidence in chondrules for the elemental fractionations
that are likely to have developed during the melting and sub-
sequent crystallization of internally heated planetesimals.
Ways of possibly overcoming these and other objections to
the impact mechanism have been discussed qualitatively by
Sanders and Scott (2012), but quantitative models have yet
to be developed to test these ideas.

Data for the Pb-Pb and 26Al-26Mg systems suggest time
differences of 1–3 Ma between formation of CAIs and
most chondrules (e.g., Fig. 5). This poses problems for
all models of chondrule formation, because gas drag on
cm-sized CAIs would cause them to spiral into the Sun on
timescales of as little as 105 years (Adachi et al., 1976; Wei-
denschilling, 1977), yet they accreted onto the same par-
ent bodies as chondrules and compound objects indicating
that CAIs and chondrules were molten at the same time are
quite rare. Furthermore, different types of chondrites con-
tain their own populations of chondrules that are unique in
their chemical and isotopic compositions. This implies lim-
ited radial mixing of chondrules in the solar nebula or accre-
tion shortly after chondrule formation, but how were CAIs
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preserved until this happened and why are some chondrites
relatively CAI-rich and others have almost no CAIs? Ciesla
(2010) has suggested that most of the CAIs that survived to
be sampled by chondrite parent bodies were formed in the
first 105 years of Solar System history. Much remains to be
understood.

6. ENSTATITE CHONDRITES

The recent high-precision isotopic studies of terrestrial
and extraterrestrial materials (e.g., Javoy, 1995; Clayton,
2003; Trinquier et al., 2007, 2009) showed that the enstatite
chondrites are the only chondrite type with the isotopic
compositions of many elements being identical to the Earth
and Moon, with silicon (Savage and Moynier, 2013) and
titanium (Zhang et al., 2012) being the exceptions. This,
along with the putative discovery of calcium sulfides on the
surface of Mercury by the MESSENGER spacecraft (Nit-
tler et al., 2011), revived speculations about formation of
enstatite chondrites in the inner Solar System and being the
building blocks of the terrestrial planets other than Mars.
Despite of the attractiveness of this idea, building the Earth
and Moon from enstatite chondrites runs into significant
problems of accounting for the small, but significant differ-
ences in silicon and titanium isotopes and the drastic differ-
ences in FeO contents, Mg/Si ratios, and volatile contents
between these objects.

The enstatite chondrites include two groups with high
(EH) and low (EL) iron contents, with both having lower
than solar Mg/Si ratios and showing depletions in refrac-
tory (e.g., calcium, aluminum, titanium) but not volatile
(e.g., sodium, potassium, rubidium, sulfur, fluorine, chlo-
rine, bromine) elements (e.g., Keil, 1968; Sears et al.,
1982; Kallemeyn and Wasson, 1986; Rubin and Choi,
2009). There are also closely related enstatite achondrites
or aubrites that are believed to be the products of crystal-
lization of melts formed by partial or complete melting of
enstatite chondrites (Keil, 2010). Despite some differences
among these groups (for a detailed review see Weisberg
and Kimura, 2012), their common feature is the very low
FeO content in silicates and the presence of silicon-bearing
Fe,Ni metal and calcium, magnesium, manganese, sodium,
and potassium sulfides indicative of formation in either very
reducing or sulfur-rich environments, or both.

The general assumption of the primary condensation of
calcium and magnesium sulfides from a nebular gas (ana-
logues of CAIs) requires much more reducing conditions
than those in a classic nebula (Larimer and Bartholomay,
1979). The most popular model for the enstatite chondrites
formation invokes a parcel of nebular gas with an enhanced
C/O ratio of ∼1 and solar abundances of other elements.
Condensation of such a gas results in formation of refrac-
tory carbides, silicides, and sulfides, including CaS and
MgS, which upon further cooling below ∼1100 K would re-
act with the residual gas to form silicates and large amounts
of graphite (Larimer and Bartholomay, 1979; Ebel, 2006).
However, neither refractory carbides and abundant graphite

nor the predicted substitution of sulfides by silicates has
been observed in the enstatite chondrites.

By contrast, the substitution of silicates and oxides by
sulfides in silicate chondrules (Rubin, 1983, 1984), metal-
sulfide nodules (Ikeda, 1989), and CAIs (Lin et al., 2003) of
the EH chondrites has been described but has not attracted
much attention. Recently, Lehner et al. (2013) documented
in detail the substitution of ferromagnesian silicates by the
assemblage of calcium, magnesium, and iron sulfides and
silica in a subset of EH chondrite chondrules and interpreted
these observations as the evidence for reactions of the pri-
mary ferromagnesian silicates with an external sulfur-rich
gaseous reservoir. They concluded that the sulfidation reac-
tions of ferromagnesian silicates in chondrules have taken
place in a hydrogen-depleted (>2500×) system at 1400–
1600 K, when the chondrules were partially molten, under
near-nebular redox conditions and very high S2 vapor pres-
sures close to those over a partially molten metal-troilite as-
semblage. They also noticed that the progressive sulfidation
of chondrules (defined by increasing sulfide/silicate ratio)
results in magnesium loss and an increase of volatile ele-
ment (manganese, sodium, potassium) contents. The sul-
fidation of silicates produces a peculiar phase, amorphous
porous silica, which so far has only been found associated
with sulfidized silicates in the EH chondrites. Overall, the
occurrence of porous silica in all components of the EH
chondrites (Lehner et al., 2013) strongly suggests that the
calcium and magnesium sulfides in enstatite chondrites are
the products of secondary alteration of common ferromag-
nesian silicates rather than primary nebular condensates.

The inferred secondary nature of calcium and magne-
sium sulfides removes the need for invoking a portion of
the solar nebula with C/O>1 (for which explanations have
been difficult) and hints at there having been ordinary FeO-
bearing silicates as the precursors of both the enstatite chon-
drites and the Earth-Moon system.

But the question of where, when, and how such reac-
tions have taken place remains unanswered. A model put
forward by Ebel and Alexander (2011) considers evapora-
tion of an inner nebula region enriched in the H2O-depleted
dust of chondritic interplanetary dust particle composition
by >300× followed by recondensation that initially pro-
duces FeO-bearing silicate melts (a.k.a., chondrules), which
upon further cooling below ∼1400 K would react with the
residual S2-rich gas to form minor calcium and magnesium
sulfides. However, further cooling to low temperatures nec-
essary to acquire abundant volatile elements would result
in conversion of these sulfides back to silicates. Lehner
et al. (2013) did not provide a specific model; they just
suggested that the sulfidation of chondrules should have
taken place in a nebular chondrule-forming region enriched
in metal-sulfide assemblage and, to a lesser, degree in or-
ganics. While the required depletion in hydrogen (i.e., in-
creased dust/gas ratio) is broadly consistent with the current
estimates of the dust/gas ratios in the chondrule-forming
regions, a mechanism for the required enrichment in the
metal-sulfide component has still to be found.
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7. THE STARDUST MISSION

NASA’s spacecraft Stardust was launched in February
1999 and returned to Earth in January 2006 (Brownlee et al.,
2003, 2004, 2006; Tsou et al., 2003). The prime objective
of the mission was to collect samples from the Jupiter fam-
ily comet 81P/Wild 2 during passage through its coma in
January 2004. Besides cometary dust, Stardust was also
supposed to collect contemporary interstellar dust during
the cruise phase of the spacecraft before the cometary en-
counter. This interstellar dust is most likely dust that formed
or was reprocessed in the interstellar medium (ISM), but it
could also be genuine circumstellar stardust.

In order to decelerate impacting dust particles as gently
as possible, low-density silica aerogel with a graded den-
sity from 5 to 50 mg cm−3 was used as a primary capture
medium (Tsou et al., 2003). The cometary and interstellar
sample collection trays were mounted back-to-back. Each
had 132 aerogel cells with the bars between the cells cov-
ered with aluminum foil for collector surface areas of a little
over 1000 cm2 of aerogel and ∼150 cm2 of aluminum foil.

7.1. Cometary samples

During the Wild 2 flyby, 234 km from the surface of
the cometary nucleus, Stardust collected dust particles at
a relative speed of 6.1 km s−1 (Brownlee et al., 2004). De-
spite the low-density properties of aerogel, cometary dust
particles often disintegrated upon capture. The impacts
produced deep cavities with shapes varying from slender,
carrot-shaped tracks (type A) to bulbous cavities with (type
B) or without (type C) slender tracks emerging (Fig. 8,
Hörz et al., 2006; Burchell et al., 2008). At the end of those
slender tracks, compact cometary dust grains survived (ter-
minal particles), while poorly consolidated aggregate par-
ticles disintegrated with fragments ending up in the walls
of the bulbous parts of the tracks (Trigo-Rodrı́guez et al.,
2008; Kearsley et al., 2012). Track morphology, therefore,
already provides information on particle structure, compo-
sition, and density (Kearsley et al., 2012). According to
Burchell et al. (2008), 65 %, 33 %, and 2 % of all observed
tracks were of types A, B, and C, respectively. However,
for large tracks, bulbous types seem to be more dominant
and probably contain the majority of mass collected from
Wild 2.

For further analysis of particles residing in aerogel, tech-
niques for extracting small volumes of aerogel (called “key-
stones”) from the capture cells were developed (Westphal
et al., 2004). These keystones often contain entire parti-
cle tracks and can be subdivided for accessing individual
terminal particles or fragments residing in cavity walls. In
the initial phase of Wild 2 particle analysis, the work was
mainly focused on terminal particles. These are much easier
to extract from the aerogel and less intermingled with com-
pressed and melted aerogel. Melting of aerogel and mixing
with cometary matter that often partially melted itself upon
impact is a severe problem, since it changes the chemical
and mineralogical properties of the cometary dust.

Fig. 8.— Cometary dust tracks in Stardust aerogel. Type A tracks
are carrot-shaped, type B are bulbous with slender tracks emerg-
ing, and type C are bulbous with no slender tracks. From Hörz
et al. (2006).

Deceleration of cometary particles upon aluminum foil
impact was even more disruptive than aerogel capture. On
foils, hypervelocity craters formed that are associated with
residual cometary matter, typically as discontinuous lay-
ers of impact-produced melts inside crater cavities and on
crater rims (Hörz et al., 2006). Although the dust grains
were even more severely heated upon aluminum foil im-
pact, the cometary matter associated with the craters is
much more easily accessible for analysis and does not re-
quire sophisticated sample preparation techniques. Also,
these samples provide the sole opportunity to study sili-
con in Wild 2 material, since, in silica aerogel, it cannot
be distinguished from the target material. Similarly, alu-
minum can only be studied in dust collected by aerogel. As
with aerogel, information on particle size, shape, structure,
and composition can be inferred from crater morphologies
(Kearsley et al., 2008). In some cases, crystalline material
from comet Wild 2 even survived the aluminum foil impact
without complete melting, preserving its crystalline struc-
ture (Wozniakiewicz et al., 2012).

7.2. Results from particle analysis

The elemental abundances for individual cometary
grains captured by Stardust were determined by analyz-
ing entire tracks in aerogel using synchrotron X-ray flu-
orescence (SXRF) (Flynn et al., 2006; Lanzirotti et al.,
2008; Ishii et al., 2008b). Particle fragments residing in
(Stephan et al., 2008a) or extracted from aerogel (Stephan
et al., 2008b) were studied for their elemental composi-
tion using time-of-flight secondary ion mass spectrome-
try (TOF-SIMS). Impact residues associated with impact
craters on aluminum foils were analyzed with scanning
electron microscopy using energy-dispersive X-ray spec-
troscopy (SEM-EDS; Kearsley et al., 2008) and TOF-SIMS
(Leitner et al., 2008). The overall chemical compostion of
Wild 2 dust captured by Stardust seems to be similar to the
composition of CI carbonaceous chondrites although the
composition of individual grains often deviates by several
orders of magnitude from CI composition (Stephan, 2008).
For elements heavier than oxygen, with the exception of
noble gases, CI chondrite element ratios show excellent
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agreement with abundances in the solar photosphere (Lod-
ders et al., 2009). Therefore, it can be ascertained that
the rock-forming elements in Wild 2 are in the same pro-
portions as in the solar nebula. Some deviations from CI
abundances can be explained as a result of volatilization
during capture or contamination of the capture medium
(Stephan, 2008). Unfortunately, there is no reliable data for
Wild 2 about the abundance of CHON elements (carbon,
hydrogen, oxygen, and nitrogen), which are, compared to
the solar abundances, depleted in CI chondrites and seemed
to be enriched, compared to CI, in comet 1P/Halley, which
otherwise also showed CI abundances (Jessberger et al.,
1988). CHON element abundances could not be determined
for Wild 2 from Stardust samples due to the nature of the
aerogel capture medium, which apart from silicon and oxy-
gen turned out to be contaminated with nitrogen-containing
hydrocarbons (Sandford et al., 2010). Also, these elements
are at least partially lost upon aerogel capture and, more
severely, during aluminum foil impact.

Despite these problems, some information on organic
compounds in aerogel as well as associated with aluminum
foil craters was obtained by using a variety of spectroscopic
and mass spectrometric techniques (Sandford et al., 2006,
2010; Keller et al., 2006; Leitner et al., 2008; Stephan et al.,
2008a,b; Matrajt et al., 2008; Gallien et al., 2008; Cody
et al., 2008; Rotundi et al., 2008; Wopenka, 2012). Organ-
ics in Wild 2 are heterogeneously distributed and unequi-
librated in composition. There are significant differences
from organics found in meteorites, micrometeorites, or in-
terplanetary dust particles (IDPs). Wild 2 organics are more
labile and richer in oxygen and nitrogen. Infrared spectra
of extracted grains and of individual impact tracks are con-
sistent with long-chain aliphatic hydrocarbons. Aromatic
hydrocarbons are present but seem to be less abundant than
in meteorites or IDPs. Excesses of D and 15N, possibly of
intersetllar origin, have been found in Stardust although at a
lower abundance that in IDPs or micrometeorites. The wide
range in organic chemistry found in Wild 2 matter suggests
that the comet’s organic solids may have multiple origins
(Cody et al., 2008).

Wild 2 samples collected by Stardust appear to be
weakly consolidated mixtures of nm-sized grains, with oc-
casional much larger (>1 µm) ferromagnesian silicates,
Fe-Ni sulfides, Fe-Ni metal, and accessory phases (Zolen-
sky et al., 2006). Olivine and low-calcium pyroxene show
a wide range of compositions, while iron-nickel sulfides
are mostly restricted to a very narrow compositional range,
which is similar to the range observed for anhydrous chon-
dritic porous (CP) IDPs, with strong indications for sulfur
loss during capture (Zolensky et al., 2006, 2008). Hydrous
phases have not been found in Wild 2 material. Further-
more, there is no indication for the presence of any aqueous
alteration product like phyllosilicates or indigenous carbon-
ates in Wild 2 particles (Zolensky et al., 2006, 2008). How-
ever, cubanite, a copper-iron sulfide usually thought to be
formed by hydrothermal alteration, has been found (Berger
et al., 2011). Laboratory simulations and collections of

IDPs from Earth orbit by the Mir space station show that
even substantial heating and structural modification during
capture of these grains should not have completely annealed
characteristic compositions, grain morphologies, and mi-
croscopic crystal structure of phyllosilicates or carbonates
had they been present (Hörz et al., 2000; Burchell et al.,
2006; Zolensky et al., 2006). Less abundant Wild 2 materi-
als that were found in the Stardust collection include chon-
drule fragments (Zolensky et al., 2006; Nakamura et al.,
2008; Ogliore et al., 2012) and refractory particles that re-
semble CAIs found in chondrites (Zolensky et al., 2006;
Simon et al., 2008). The Wild 2 samples recovered by Star-
dust are mixtures of crystalline and amorphous materials
(Zolensky et al., 2006, 2008). However, it remains unclear
what fraction of the amorphous material is indigenous to the
comet and what fraction was amorphized from crystalline
solids upon particle capture (Leroux et al., 2008). The
amorphous material known as glass with embedded metal
and sulfides (GEMS) is a major constituent of CP IDPs,
for which a cometary origin has been suggested (Bradley,
1994). Its presence in Wild 2 dust has neither been unam-
biguously confirmed nor could it be excluded (Ishii et al.,
2008a).

7.3. Stardust in Stardust

One of the major expectations for the Stardust mission
was that cometary matter should be a mixture of silicates
and organics of presolar and nebular origin (Brownlee et al.,
2003). Therefore, presolar grains, old stardust, was ex-
pected to be highly abundant in Wild 2 material. However,
only very few presolar grains have been identified in Star-
dust samples from Wild 2 (McKeegan et al., 2006; Stader-
mann et al., 2008; Floss et al., 2013). They seem to be even
less abundant in Stardust samples than in other primitive
Solar System material like carbonaceous chondrites or IDPs
(Floss and Stadermann, 2012). Recent studies, however,
seem to indicate that presolar signatures, which prevail as
huge deviations from average Solar System isotopic ratios
in primitive meteorites or IDPs, were lost during capture of
the Wild 2 grains (Floss et al., 2013). The true abundance
of presolar grains in Wild 2 dust may be similar to that in
primitive IDPs.

7.4. Comparison with other Solar System samples

Of all extraterrestrial material that is available for lab-
oratory analysis, Wild 2 samples seem to resemble mostly
anhydrous CP IDPs and carbonaceous chondrites (Zolen-
sky et al., 2006, 2008; Stephan, 2009). A wide range of
olivine and low-calcium pyroxene compositions and the
restricted range for iron-nickel sulfides support this con-
tention (Zolensky et al., 2006, 2008). However, the lack
of clear evidence for the presence of indigenous amorphous
material like GEMS leaves room for other interpretations.
Also, Wild 2 matter seem to be more diverse than mate-
rial found in CP IDPs. The presence of refractory, CAI-like
material connects Stardust samples to carbonaceous chon-
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drites. Therefore a petrogenetic continuum between comets
and asteroids, as parent bodies of carbonaceous chondrites,
has been suggested (Gounelle et al., 2006b; Ishii et al.,
2008a). However, the lack of aqueous alteration products in
Wild 2 samples precludes a common origin with types 1 or
2 carbonaceous chondrites, and type 3 chondrites generally
have narrower olivine and pyroxene compositional ranges
(Zolensky et al., 2006). On the other hand, IDPs with re-
fractory inclusions have been found before (Greshake et al.,
1996). There is even an entire class of IDPs, called coarse-
grained (CG) IDPs, that consists of compact phases like sul-
fides, olivine, pyroxene, or CAI-like minerals (Jessberger
et al., 2001) and seem to resemble some terminal particles
found in Stardust aerogel (Stephan, 2009). Prior to the re-
turn of the Stardust spacecraft, CG IDPs were typically not
connected to comets and, therefore, attracted much less at-
tention than CP IDPs and are poorly understood (Zolensky
et al., 2006; Stephan, 2009).

In order to explain the wide compositional range of
Wild 2 matter captured by the Stardust spacecraft, differ-
ent formation locations within the protoplanetary disk are
required (Zolensky et al., 2006). CAI-like material, e.g.,
could only have formed under high temperatures, presum-
ably close to the young Sun, while Wild 2 itself should have
spend its life as a comet beyond the snow line so that ther-
mal metamorphism or aqueous alteration did not take place.
It has been suggested that Wild 2 material is a composite
of crystalline inner Solar System material and amorphous
cold molecular cloud material, with more than 50 % being
processed in the inner Solar System (Ogliore et al., 2009).
Although the actual fraction of inner Solar System material
might be less constrained due to the large uncertainty about
what fraction of volatile material was lost during capture, it
is obvious that radial transport of material across the proto-
planetary disk must have taken place in order to explain the
observations from Wild 2 samples returned by Stardust.

7.5. Transport and mixing of cometary building blocks

Prior to the Stardust mission, cometary silicates were
known to be present in both crystalline and noncrystalline
forms, with the mineralogy determined by both spacecraft
and telescopic observations (see review by Hanner and
Bradley, 2004). The origin of the crystalline component had
proven a mystery, as such minerals can only be formed at
high temperatures. That is, they can form through conden-
sation from a hot solar nebula gas at temperatures ∼1200–
1500 K or they could form via annealing of amorphous pre-
cursors at temperatures of 800–1000 K (Hallenbeck et al.,
2000; Djouadi et al., 2005; Fabian et al., 2000; Nuth et al.,
2000; Nuth and Johnson, 2006), yet comets formed in the
cold, outer regions of the solar nebula where temperatures
were low enough for water ice to condense (<150 K). Crys-
talline silicates had also been detected in the outer regions
of other protoplanetary disks (e.g., van Boekel et al., 2004),
suggesting that the formation of these grains is a common
occurrence in protoplanetary disks.

Two possible solutions had been offered to explain the
presence of these grains in comets. The first came from rec-
ognizing that crystalline grains would have readily formed
close to the Sun, where the needed high temperatures were
expected (e.g., Boss, 1998), and that the grains were trans-
ported outward by some dynamic process. Shu et al. (1996)
suggested that magnetically driven winds would loft grains
above the disk and launch them on ballistic trajectories,
leading them to fall back onto the solar nebula. Alterna-
tively, Bockelée-Morvan et al. (2002) argued that turbulence
and the viscous spreading of the solar nebula could carry
grains outward with time. In both cases, the crystalline
grains would originate in the inner solar nebula, inside 2–
4 AU, and be carried outward and mix with the more pris-
tine materials that originated far from the Sun, before being
incorporated into comets.

Harker and Desch (2002) offered the second explana-
tion, suggesting that the crystalline silicates were annealed
by transient heating events within the solar nebula. Specifi-
cally, Harker and Desch (2002) argued that if shock waves
were present in the solar nebula, silicate particles would
be heated through frictional and thermal collisions with the
shocked gas. Provided the gas density was high enough,
such that the rate of heat deposition would sufficiently ex-
ceed the rate of heat loss by radiation, grains could reach
temperatures necessary for annealing to take place. Comets
would then form from the mix of grains which were pro-
cessed and avoided processing in the shocks.

The return of the Stardust samples allowed these various
models to be tested. Analysis of the rocky materials demon-
strated that the high-temperature components collected by
the spacecraft were isotopically similar to those found in
chondritic meteorites, suggesting a common origin (McK-
eegan et al., 2006; Nakamura et al., 2008; Ogliore et al.,
2012). Had the crystalline silicates been the product of
annealing of interstellar dust, extreme isotopic variations
would have been expected. Instead, the isotopically “nor-
mal” (isotopic ratios approximately equal to those of the
bulk Solar System) indicated that these high-temperature
materials were the product of vaporization and reconden-
sation of dust in the solar nebula. In addition, the Star-
dust samples contained a number of refractory inclusions,
whose chemical, mineralogical, and isotopic make-up were
found to be similar to the CAIs found in chondritic mete-
orites (McKeegan et al., 2006; Simon et al., 2008; Matzel
et al., 2010). These objects also require high temperatures
to form (>1300 K; Grossman, 1972; Davis and Richter,
2014), and have a unique oxygen isotope signatures in that
they are enriched in 16O compared to other Solar System
rocks (MacPherson, 2014, and references therein). This
unique signature again pointed to a shared formation en-
vironment of cometary and chondritic rocks.

Together, these results indicate that localized annealing
in the solar nebula was not the major contributor to the
crystalline grains found in comets, and instead, the high-
temperature grains found in these objects are the result
of dynamical processes carrying these materials outward
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from the hot, innermost regions of the solar nebula. While
some mechanisms for outward transport had been recog-
nized prior to the Stardust mission (e.g., Shu et al., 1996;
Bockelée-Morvan et al., 2002), the results from the mis-
sion motivated further research into understanding how and
when this transport would have occurred. The mechanisms
considered to date largely fall into two categories: above-
disk transport and transport within the disk.

Above-disk transport could occur via winds launched
from the disk via magnetic fields (Safier, 1993; Shu et al.,
1996, 1997) or photolevitation, where radiation from the
star and disk offset the gravitational settling of particles and
push the grains outward (Wurm and Haack, 2009; Vinković,
2009). Within the disk, proposed mechanisms include tap-
ping into the radial spreading of a disk due to mass and an-
gular momentum transport (Bockelée-Morvan et al., 2002;
Ciesla, 2007; Boss, 2008; Yang and Ciesla, 2012) or pho-
tophoretic forces (Mousis et al., 2007). Each of these
mechanisms can, provided conditions in the disk are right,
carry grains from the innermost regions of the solar neb-
ula to where comets would form. Distinguishing which of
these models was most likely responsible for the transport
of grains in the solar nebula is still the subject of ongo-
ing debate. Clues have been taken from the Stardust sam-
ples themselves, other properties of Solar System materials,
and the properties of materials around other protoplanetary
disks, with no definitive answer yet emerging.

In the case of those ‘within-disk’ models that tap into the
dynamical evolution of the protoplanetary disk, it is gener-
ally found that outward transport is most efficient during
the earliest stages of disk evolution when mass accretion
rates onto the star, and the corresponding outward trans-
port of angular momentum, are highest. Transport in this
way allows for observed narrow distribution of ages in the
large CAIs found in chondritic meteorites (Ciesla, 2010),
and is consistent with the observational evidence that the
crystallinity fraction of protoplanetary disks being set in the
first ∼105 years of evolution (Oliveira et al., 2011; Ciesla,
2011). Further, as solids would not be the only materi-
als transported in these models—gaseous species would be
subjected to the same transport—these models predict that
gaseous species should also be processed at high tempera-
tures and redistributed through the disk. Evidence for this
is currently seen in the D/H ratios of water in Solar Sys-
tem objects (Drouart et al., 1999; Mousis et al., 2000; Yang
et al., 2013). Indeed, predicting and measuring such cor-
relations may prove to be the best means of testing various
disk models in the future.

While there is reason to be optimistic about the matches
between the ‘within-disk’ models described above, there are
also observations which seem to be at odds with the pre-
dictions of these models. Namely, in measuring the 26Al-
26Mg systematics of Stardust samples, no evidence of live
26Al was found in one of the refractory grains, Coki (Matzel
et al., 2010), or the chondrule fragments (Ogliore et al.,
2012). Considering measurement precisions, the upper lim-
its on 26Al/26Al, and homogeneity of nebular 26Al, these

data imply that the refractory inclusion must have formed
≥1.7 Ma after CAIs while the chondrule fragments would
have formed ∼3 Ma after CAIs, requiring a mechanism that
would allow late transport of grains through the solar neb-
ula. Transport this late could be provided via photophoresis
(Mousis et al., 2007), though this requires that fine dust par-
ticles are so low in abundance that light from the young Sun
could directly reach the particles throughout their transit in
the disk. This would imply that fine dust made up only a
small fraction of the mass at the time of transport and that
comets were likely largely formed late when transport did
occur. Alternatively, if 26Al was not homogeneously dis-
tributed in the early solar nebula, at least at the time of for-
mation of the cometary particles, then it is possible such
grains formed and were transported outward having sam-
pled a formation environment that had not yet had 26Al in-
troduced into it (Yang and Ciesla, 2012).

To date, the ‘above-disk’ models have not been explored
to the same level of detail as the ‘within-disk’ models, mak-
ing direct comparisons between observations and predic-
tions difficult. It is worth noting, however, that the presence
of CAIs in comets was in fact predicted by Shu et al. (1996)
in the context of their X-wind model. However, Desch et al.
(2010) have carried out a detailed analysis of the X-wind
model and argue against it being an important process for
the redistribution of chondritic and cometary materials in
the solar nebula.

7.6. Interstellar samples

Stardust’s second major objective was to collect contem-
porary interstellar dust during the cruise phase of the space-
craft before the cometary encounter (Brownlee et al., 2003;
Tsou et al., 2003). For this purpose, a second aerogel collec-
tor tray was used, mounted on the backside of the cometary
collector. The existence of an interstellar dust stream that
is currently passing through the Solar System had been dis-
covered by the Ulysses and Galileo spacecrafts (Grün et al.,
1993, 1994; Baguhl et al., 1995). Based on these observa-
tions, Landgraf et al. (1999) predicted that the interstellar
side of the Stardust aerogel collector would contain 120 in-
terstellar particles, 40 of which with sizes greater than 1 µm
in radius. These estimates were made assuming a total ex-
posure time for the interstellar dust collector of 290 days,
split into three sampling periods, two before and one after
the Wild 2 encounter. However, after the comet encounter,
it was decided to forgo the third opportunity for collecting
interstellar dust in order not to risk the Wild 2 samples by
reopening the sample collector again (Tsou et al., 2003).
Taking the actual collection time for the interstellar parti-
cles of 195 days into account, only ∼25 particles greater
than 1 µm in radius and ∼50 particles smaller than 1 µm in
radius were estimated to have impacted the collector (West-
phal et al., 2013a) .

Compared to the cometary particles returned by Stardust,
the interstellar particles are much smaller in size and much
lower in abundance. To find such particles in 1037 cm2
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of aerogel required a totally new approach. With the help
of >30,000 volunteers, organized through Stardust@home,
an Internet-based platform providing a virtual microscope
in order to search through microscope images taken in an
automated way, 71 particle tracks in ∼250 cm2 of aerogel
collectors were identified (Westphal et al., 2013b). From
their trajectories, 24 of these tracks are consistent with
an origin either in the interstellar dust stream or as sec-
ondary ejecta from the sample return capsule (Frank et al.,
2013). Thirteen of these tracks were eventually extracted,
mostly as picokeystones, with the aerogel surrounding the
track milled down to approximately 70 µm thickness (Frank
et al., 2013). Elemental analyses by scanning transmission
X-ray microscopy (STXM; Butterworth et al., 2013) and
SXRF (Brenker et al., 2013; Simionovici et al., 2013; Flynn
et al., 2013) of track material still inside the aerogel allowed
eight tracks to be excluded, as they were generated by sec-
ondary ejecta from the sample return capsule. Two tracks
showed inconclusive results or were too dense for STXM
analysis. Finally, three candidates for interstellar tracks re-
main. Two tracks showed compositions that seem to point
towards a cosmic origin, and one track, although having
no detectable residue, was inferred through a combination
of optical characterization, simulation comparison, and dy-
namical modeling to have a likely origin in the interstellar
medium (Frank et al., 2013).

The impact directions and speeds of all three interstel-
lar candidate tracks are most consistent with those calcu-
lated from interstellar dust models; an interplanetary origin
is statistically less likely (Sterken et al., 2013). Laboratory
hypervelocity impact experiments with analogue material,
however, seem to indicate that two of the three interstel-
lar candidate grains were captured at speeds below 10 km
s−1, much lower than initially predicted and pointing to-
wards low-density, porous particles, while the track that had
no detectable residue was probably generated by an inter-
stellar particle captured at 15–20 km s−1 (Postberg et al.,
2013). Synchrotron-based X-ray diffraction measurements
identified crystalline material, mainly olivine, in both parti-
cles found in interstellar track candidates (Gainsforth et al.,
2013). From infrared spectroscopy, there is no clear evi-
dence of extraterrestrial organics associated with tracks or
terminal particles (Bechtel et al., 2013).

Along with the aerogel, 153 cm2 of aluminum foil area
were also exposed to the interstellar particle flux. Unlike
particle tracks in aerogel, impact craters in the aluminum
foils do not record a uniquely interpretable morphological
signature of the particle trajectory, which could be matched
to the interstellar particle flux (Stroud et al., 2013). So far,
13 aluminum foils covering 4.84 cm2 from the interstellar
collector tray have been imaged by SEM. They show abun-
dant impact craters or crater-like features, for which Auger
electron spectroscopy and EDS analyses showed that the
majority are either the result of impacting debris fragments
from solar cell panels or intrinsic defects in the foils (Stroud
et al., 2013). However, among the 25 crater features ana-
lyzed, four craters contained residues that seem to indicate

an extraterrestrial origin, either as interplanetary dust parti-
cles or interstellar dust particles (Stroud et al., 2013).

So far, all analyses of interstellar candidate tracks or foil
craters were performed with minimal destruction. Now, af-
ter the end of the preliminary examination phase, more de-
structive analyses including mass spectrometry will occur.
Such analyses will enable measurement of isotopic abun-
dances in these samples, in order to ultimately decipher
their origin either in the interstellar medium or within the
Solar System.

8. PRESOLAR GRAINS

In addition to the Stardust mission, genuine stardust, or
presolar grains deserve some discussion. One of the great
discoveries in cosmochemistry occurred about 25 years ago,
with the identification of isotopically highly anomalous di-
amond, silicon carbide and graphite in primitive meteorites
(Lewis et al., 1987; Bernatowicz et al., 1987; Amari et al.,
1990). These grains, for the most part, are circumstellar
grains formed around dying stars like AGB stars and core-
collapse supernovae (Davis, 2011; Zinner, 2013, 2014), and
thus are perhaps not relevant to a volume on protostars and
planets, but the survival of presolar grains in our Solar Sys-
tem provides information on conditions in the solar nebula.

Among the more important discoveries in recent years
are that primitive meteorites and IDPs contain presolar sil-
icates (Messenger et al., 2003; Nguyen and Zinner, 2004).
Presolar silicates are much more easily destroyed by parent
body metamorphism and aqueous alteration than presolar
diamond, silicon carbide and graphite, but the most primi-
tive meteorites can contain ∼200 ppm presolar silicates in
their matrices (Floss and Stadermann, 2012). A recent sam-
ple of IDPs collected shortly after the Earth passed through
the tail of comet 26P/Grigg-Skjellerup shows that some
contain up to 1% presolar silicates (Busemann et al., 2009).

9. THE HAYABUSA MISSION

In May 2003, the Hayabusa spacecraft was launched by
JAXA (Japan Aerospace Exploration Agency) to visit near-
Earth asteroid 25143 Itokawa, acquire samples from the as-
teroid’s surface, and return them to Earth (Fujiwara et al.,
2006). After some irregularities during sampling at the as-
teroid in 2005 and problems with the propulsion system that
led to a 3-year delay of the return of the spacecraft (Fuji-
wara et al., 2006), Hayabusa successfully returned to Earth
in June 2010 carrying more than 1500 rocky particles from
Itokawa (Nakamura et al., 2011). Particles range in size be-
tween 0.5 and 180 µm, but are mostly smaller than 10 µm
(Nakamura et al., 2011; Tsuchiyama et al., 2011).

Near-infrared spectral results obtained by the Hayabusa
spacecraft indicated that the surface of Itokawa has an
olivine-rich mineral assemblage potentially similar to that
of type LL5 or LL6 ordinary chondrites (Abe et al., 2006).
The analysis of the samples returned by Hayabusa even-
tually confirmed these findings. Mineralogy and mineral
chemistry as well as oxygen isotopic compositions sug-
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gest a strong link to equilibrated LL chondrites (Nakamura
et al., 2011; Yurimoto et al., 2011; Ebihara et al., 2011;
Nakashima et al., 2013). These findings provide unequiv-
ocal evidence that S-type asteroids like Itokawa are one of
the sources of ordinary chondrites.

In addition, Itokawa particles allow studies of regolith
formation on an asteroid (Tsuchiyama et al., 2011, 2013).
Noble gas measurements helped to elucidate the cosmic ray
and solar wind irradiation history of Itokawa (Nagao et al.,
2011). In order to study the alteration of the surfaces of
airless bodies exposed to the space environment, known as
space weathering, samples from asteroid Itokawa returned
by the Hayabusa spacecraft are ideally suited (Noguchi
et al., 2011).
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