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We summarize geochemical, astronomical, and theoretical constraints on the lifetime of the
protoplanetary disk. Absolute Pb-Pb-isotopic dating of CAIs in CV chondrites (4567.2 ±
0.7 m.y.) and chondrules in CV (4566.7 ± 1 m.y.), CR (4564.7 ± 0.6 m.y.), and CB (4562.7 ±
0.5 m.y.) chondrites, and relative Al-Mg chronology of CAIs and chondrules in primitive chon-
drites, suggest that high-temperature nebular processes, such as CAI and chondrule formation,
lasted for about 3–5 m.y. Astronomical observations of the disks of low-mass, pre-main-se-
quence stars suggest that disk lifetimes are about 3–5 m.y.; there are only few young stellar
objects that survive with strong dust emission and gas accretion to ages of 10 m.y. These con-
straints are generally consistent with dynamical modeling of solid particles in the protoplanetary
disk, if rapid accretion of solids into bodies large enough to resist orbital decay and turbulent
diffusion are taken into account.

1. INTRODUCTION

Both geochemical and astronomical techniques can be
applied to constrain the age of the solar system and the
chronology of early solar system processes (e.g., Podosek
and Cassen, 1994). We can study solid material that is be-
lieved to date from that time, and that is now preserved in
minor bodies in the solar system (asteroids and comets); we
can observe circumstellar disks around young solar-mass
stars that are similar to the young Sun by measuring the
emission of dust around them at appropriate wavelengths
(infrared and millimeter), and we can make theoretical
models of how disk material is likely to behave. In this
chapter, we will address and review the current state of
knowledge of these three strands of evidence.

A necessary first stage is to define what we mean by
the accretion disk lifetime. We assume that the process of
planet formation in the solar system was multistage. First,
solids evolved in the protoplanetary disk. These solids be-
gan as interstellar and circumstellar grains, mostly amor-
phous material less than 1 µm in size. The constituents of

chondritic meteorites — chondrules, refractory inclusions
[Ca,Al-rich inclusions (CAIs) and amoeboid olivine ag-
gregates (AOAs)], Fe,Ni-metal grains, and fine-grained ma-
trices — are largely crystalline, and were formed from
thermal processing of these grains and from condensation
of solids from gas. Calcium-aluminum-rich inclusions are
tens of micrometers to centimeter-sized irregularly shaped
or rounded objects composed mostly of oxides and silicates
of Ca, Al, Ti, and Mg, such as corundum (Al2O3), hibonite
(CaAl12O19), grossite (CaAl4O7), perovskite (CaTiO3), spinel
(MgAl2O4), Al,Ti-pyroxene (solid solution of CaTi4+Al2O6,
CaTi3+AlSiO6, CaAl2SiO6, and CaMgSi2O6), melilite (solid
solution of Ca2MgSi2O7 and Ca2Al2SiO7), and anorthite
(CaAl2Si2O8). Ameboid olivine aggregates are physical
aggregates of individual condensate particles: forsterite
(Mg2SiO4), Fe,Ni-metal, and CAIs composed of spinel,
anorthite, and Al,Ti-pyroxene. Evaporation and condensa-
tion appear to have been the dominant processes during for-
mation of refractory inclusions. Subsequently, some CAIs
experienced melting to various degrees and crystallization
over timescales of days under highly reducing (solar nebula)
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conditions. Chondrules are igneous, rounded objects, 0.01–
10 mm in size, composed largely of ferromagnesian olivine
(Mg2–xFexSiO4) and pyroxene (Mg1–xFexSiO3, where 1 <
x < 0), Fe,Ni-metal, and glassy or microcrystalline meso-
stasis. Multiple episodes of melting of preexisting solids
accompanied by evaporation-recondensation are believed to
have been the dominant processes during chondrule forma-
tion. Chondrules appear to have formed in more oxidizing
environments than CAIs, and cooled more quickly.

It is widely believed that from these building blocks,
asteroids were ultimately formed, and subsequently expe-
rienced parent-body processes, such as aqueous alteration
and thermal metamorphism. Larger bodies capable of re-
taining heat, and/or bodies rich in radioactive nuclides, may
have, in addition, experienced melting and differentiation.
Shock processing, by impact within the asteroid belt, may
also have occurred throughout asteroidal history. These
processes are often assumed to have occurred sequentially,
although this is almost certainly an oversimplification. For
example, 53Mn and 129I evidence suggest that aqueous al-
teration of chondrites lasted over >20 m.y. (Endreß et al.,
1996; Krot et al., 2006), longer than the time taken for some
small asteroids to differentiate (Wadhwa and Lugmair, 1996;
Lugmair and Shukolyukov, 1998). However, Hoppe et al.
(2004) suggested that aqueous activity on the Orgueil chon-
drite parent asteroid lasted <10 m.y. Iodine-129 data fur-
ther suggest that chondrule formation overlapped with the
formation of the first melted planetesimals (Gilmour et al.,
2000). From a cosmochemical point of view (sections 2–
4), we can assume that the disk “begins” at the time that the
first solids are processed, and “ends” at the time at which
asteroidal accretion stops. The time of asteroidal accretion
can be constrained by dating early processes that must have
occurred in an asteroidal environment. From an observa-
tional point of view, we assume that the disk lifetime dates
from the point at which the star first forms, to the point at
which the dust around it disappears, presumably because
it has accreted into planetesimals or planets. Theoretical
modeling can assist in determining how long dust grains
can realistically remain within a solar accretion disk envi-
ronment.

2. ABSOLUTE AGES OF PROTOPLANETARY
DISK MATERIALS DEFINED BY LONG-LIVED

RADIONUCLIDES

2.1. Introduction

Many radioactive isotopes can be used as geologic clocks.
Each isotope decays at a fixed rate. Once this decay rate is
known, the length of time over which decay has been oc-
curring can be estimated by measuring the amount of re-
maining radioactive parent compared to the amount of
stable daughter isotopes. Older objects will have built up a
higher fraction of daughter isotopes than younger ones with
the same parent/daughter element ratios. For all radioactive
decay schemes, the clock “starts” at the time at which the

object cools below a temperature (the “closure tempera-
ture”) at which the parent and daughter isotopes become
essentially immobile; this temperature depends on the de-
cay scheme that is used, and on the minerals in which they
are trapped. The age is then given by
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where t = age, D = abundance of the daughter isotope, and
P = abundance of the parent isotope. The ratio D/P can most
easily be measured by constructing an isochron. An example
is for the Rb-Sr system, where Rb decays to Sr with a half-
life of 4.88 × 1010 yr. From a single rock, coexisting min-
erals with varying Rb/Sr ratios are measured both for Sr
isotopes and 87Rb/86Sr. A plot of 87Rb/86Sr as a function of
87Sr/86Sr will form a correlation (the isochron) that has a
slope defining 87Sr/87Rb that can be plugged into the equa-
tion above to yield age information. The intercept of the
isochron indicates whether the system has experienced late-
stage disturbance; this will reequilibrate the Sr isotopes and
cause the intercept to fall at higher 87Sr/86Sr.

Radioactive isotopes with a half-life on the order of the
age of the solar system are the most accurate ones to be
used to gain absolute age dates of early solar system mate-
rial. The most common long-lived dating systems used in
meteoritics are Pb-Pb, Rb-Sr, and K-Ar [and its sister tech-
nique Ar-Ar (e.g., Turner, 1970)]. The practical aspects of
the use of these systems are described in detail by Tilton
(1988a). In this chapter, we will focus on results from the
Pb-Pb system, which has given the most precise age-dat-
ing information for the very oldest meteoritic objects, es-
pecially for those that are refractory and thus have a high
initial ratio of U to volatile Pb.

The major assumptions made in calculating the ages are
that (1) the initial isotopic composition of the radiogenic
element is known, or can be accurately calculated from the
acquired data, or it was initially so rare in the mineral be-
ing measured that it can be ignored; (2) no resetting of the
isotopic clock was made, by gain or loss of the parent or
daughter isotopes since “isotopic closure,” i.e., since the
initial cooling of the rock; (3) the half-lives of the isotopes
are accurately known; and (4) the initial isotopic composi-
tion of the parent element is known to sufficient accuracy.
The most accurate results can be obtained for samples that
have a high natural initial ratio of parent/daughter element,
since in these samples the isotopic ratio of the daughter
element is most affected by the addition of a radiogenic
component.

The Pb-Pb system utilizes two different decay schemes:
the decay of 235U to 207Pb, and 238U to 206Pb, both via sev-
eral intermediary decay products. Measurements of 206Pb
and 207Pb, normalized to nonradiogenic 204Pb, are correlated
(therefore producing an “isochron”), which yields age infor-
mation (Fig. 1a). Modern studies acquire more accurate re-
sults by normalizing to 206Pb (Fig. 1b). This dating system
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requires only measurement of the isotopic ratios of one ele-
ment: Pb. No element/element ratios are required, which can
be a major source of error in other dating systems, thus the
data are potentially very accurate. However, Pb is mobile
under many geological conditions, and so the possibility of
post-crystallization redistribution must be carefully consid-
ered. For more details of the Pb-Pb dating technique, see,
e.g., Faure (1986), Henderson (1982), and Tilton (1988a).

2.2. History of Attempts to Learn the
Age of the Solar System

Early attempts to uncover the age of Earth utilized sev-
eral ingenious, although inaccurate, techniques (e.g., Dar-
win, 1859; Thomson, 1897; Holmes, 1946). Estimates ob-
tained using these techniques were in gross disagreement
with each other.

A major breakthrough was provided by the discovery of
radioactivity by Becquerel (1896a,b). Less than 10 years
later, Rutherford and Boltwood (1905) realized the poten-
tial of radioactive decay as a tool to measure the age of
Earth. The first accurate age dates of meteorites, and hence
Earth, were published by Clair C. Patterson (Patterson et
al., 1955; Patterson, 1956). Patterson et al. (1955) recorded
a Pb-Pb age of 4.57 ± 0.07 G.y. using an isochron composed
of data for the eucrite Nuevo Laredo, the ordinary chon-
drites Forest City (H5) and Modoc (L5), and the iron meteor-
ites Canyon Diablo (IIIAB) and Henbury (IIIAB) (Fig. 1a).
Using more accurate values for the initial Pb composi-
tion and decay constants, the age was reduced to 4.50 ±
0.07 G.y. (Tilton, 1988b). The known age of the solar sys-
tem has essentially not changed, within error, since this
time.

2.3. Petrological Considerations

Calcium-aluminum-rich inclusions, composed of refrac-
tory minerals, have long been considered to represent the
first solid condensates in the solar system (e.g., Grossman,
1972). The occasional presence of relict CAIs within Al-
rich and in a few ferromagnesian chondrules (Figs. 2a–c)
suggest that most CAIs probably formed earlier than most
chondrules (Krot and Keil, 2002; Krot et al., 2002, 2004).
A single recent observation of a pyroxene-rich chondrule
fragment apparently embedded in a CAI suggests that the
formation of chondrules and CAIs may have overlapped in
time and space (Itoh and Yurimoto, 2003). However, to date
there is no quantitative chronological information available
for this unique object. Recently, Krot et al. (2005a) de-
scribed two additional igneous, anorthite-rich (Type C)
CAIs containing relict chondrule fragments in the Allende
meteorite. These authors concluded, however, that the chon-
drule-bearing Type C CAIs experienced late-stage remelting
(~2 m.y. after formation of the CAIs with a canonical 26Al/
27Al ratio of 5 × 10–5) with addition of chondrule material
in the chondrule-forming region. This interpretation is con-
sistent with an age difference between the formation of
CAIs and chondrules.

2.4. Absolute Ages of Calcium-Aluminum-rich
Inclusions

Calcium-aluminum-rich inclusions yield the oldest reli-
ably measured age dates of any solar system solid. Calcium-
aluminum-rich inclusions typically have a high ratio of re-
fractory U to volatile Pb, and thus are good targets for age

Fig. 1. (a) The first Pb-Pb isochron for meteorites. The isochron
is composed from data from the ordinary chondrites Forest City
(H5) and Modoc (L5), the iron meteorites Henbury and Canyon
Diablo, and the eucrite Nuevo Laredo. Using modern assumptions
about decay constants and initial Pb-isotopic composition, the
slope of the line indicates an age of 4.50 ± 0.07 G.y. (see text).
Data from Patterson (1956). (b) Pb-Pb isochrons for the six most
radiogenic Pb-isotopic analyses of acid-washed chondrules from
the CR chondrite Acfer 059 (solid line), and for acid-washed frac-
tions from the Efremovka CAIs (dashed lines). 207Pb/206Pb ratios
are not corrected for initial common Pb. Error ellipses are 2σ. Iso-
chron age errors are 95% confidence intervals. From Amelin et
al. (2002).
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dating using the Pb-Pb system. Early studies of chondrite
ages typically included CAIs, chondrules, and matrix. Tatsu-
moto et al. (1976) studied several chondrules and refrac-
tory inclusions from the Allende meteorite. They reported
that both chondrules and CAIs fall on a single isochron line,
yielding an age of 4554 ± 4 m.y. A study by Chen and
Tilton (1976) reported a significantly older age for Allende
constituents of 4565 ± 4 m.y. Again, the ages of chondrules
and CAIs were found to be indistinguishable from each
other within analytical error. Matrix analyses reported dur-
ing the same study (Chen and Tilton, 1976) yielded age
dates several million years younger than the chondrules and

CAIs, probably reflecting more prolonged and extensive
asteroidal alteration of the matrix. Later studies focused
on measuring mineral separates from CAIs alone. Chen
and Wasserburg (1981) made the first measurement of this
type, with samples of several Type B CAIs giving an age
of 4559 ± 4 m.y.

Recognizing that post-formational redistribution of Pb
from matrix to CAIs was a potential problem for measur-
ing Pb-Pb ages of Allende inclusions, Manhès et al. (1988)
[summarized in English by Allègre et al. (1995)] attempted
a new approach. They analyzed several CAIs using “dif-
ferential dissolution.” This is a procedure that dissolves the
CAIs in stages, using progressively more aggressive re-
agents. The model ages obtained for the CAIs from the
progressive dissolution fractions increased, suggesting that
Pb from the matrix was contaminating the early dissolution
steps. The ages they obtained range between 4565 ± 1 m.y.
and 4568 ± 3 m.y., and they interpreted the latter value as
representing the true age of Allende CAIs; no significant age
difference was found between different CAIs.

One way around the problem of Pb redistribution after
asteroidal accretion is to study meteorites that have experi-
enced much less alteration than Allende. Precise Pb-Pb ages
were reported for two CAIs from the reduced CV3 chon-
drite Efremovka (Amelin et al., 2002). A Type B inclusion
yielded an age of 4567.4 ± 1.1 m.y., and a compact Type A
inclusion yielded an age of 4567.2 ± 0.7 m.y. These values
are within error of the age of Allende inclusions determined
by Manhès et al. (1988). However, these measurements are
model ages, and make the assumption that a single age can
be obtained for CAIs, i.e., that they experienced no process-
ing after this formation event. Only by analyzing several
separates from one igneous object can the effects of later
disturbance be accounted for. Because CAIs have high U/Pb
ratios, the Pb isotopes are particularly susceptible to distur-
bance due to postformation heating events. Clearly, addi-
tional analyses, preferably of careful mineral separates of
single large CAIs, need to be made.

Perovskite grains in CAIs are present as phenocrysts and
are clearly among the first crystals to form within the CAI,
thus there is a possibility that they may be relict. Lead-iso-
topic measurements of individual perovskite grains in the
Allende (CV3) and Murchison (CM2) CAIs yielded ages
of 4565 ± 34 m.y. and 4569 ± 26 m.y. respectively (Ireland
et al., 1990). Thus, there is no evidence at the moment to
suggest that any grains within a CAI are relicts that signifi-
cantly predated the rest of the inclusion.

Calcium-aluminum-rich inclusions have been age dated
using the Rb-Sr system (e.g., Podosek et al., 1991). Rubid-
ium-87 has a half-life of 4.88 × 1010 yr and decays to 87Sr.
These measurements have yielded age dates in line with
those for Pb-Pb dating (~4.56 G.y.). Exact age dates are
often difficult to obtain because typical CAI measurements
indicate a period of Sr remobilization at younger ages. The
very old nature of CAIs is also indicated by the observa-
tion that the isochron intercept for the Rb-Sr system falls

Fig. 2. Backscattered electron images of the CAI-bearing chon-
drules [(a)–(c)] and a chondrule-bearing CAI (d) in the ungrouped
carbonaceous chondrites Acfer 094 (a) and Adelaide (c), CH car-
bonaceous chondrite Acfer 182 (b). (a) Relict CAI composed of
hibonite and spinel is enclosed by a ferrous olivine chondrule.
(b) Relict CAI consisting of spinel and anorthite is surrounded by
an Al-rich chondrule composed of low-Ca pyroxene, high-Ca py-
roxene, and fine-grained mesostasis. (c) Relict CAI composed of
hibonite, perovskite, melilite, and spinel is enclosed by a mag-
nesian chondrule consisting of olivine, low-Ca pyroxene, glassy
mesostasis, and metal. aug = augite; en = enstatite; hib = hibon-
ite; km = kamacite; mel = melilite; ol = forsteritic olivine; pg =
pigeonite; sp = spinel; pv = perovskite; tr = troilite. From Krot et
al. (2004).

(a) (b)

(c)
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at very low 87Sr/86Sr values. The intercept value for Allende
CAIs, coined “ALL” by Gray et al. (1973), provides the
lowest 87Sr/86Sr of any solar system material.

2.5. Absolute Ages of Chondrules

The absolute age of chondrules has proved difficult to
measure because they typically have lower U/Pb ratios than
CAIs, and are typically smaller than the largest CAIs (at
least in CV3 chondrites). In one of the first studies of the
Allende CV3 meteorite, Fireman (1970) reported a K/Ar
age of ~4.44 G.y. for a single large chondrule. Other sci-
entists working in the 1970s (Chen and Tilton, 1976; Tatsu-
moto et al., 1976) (see section 2.2 above) found that Allende
chondrules are indistinguishable in Pb-Pb age to Allende
CAIs within analytical errors (typically ~4 m.y.). Tera et al.
(1996) pointed out that many Pb-Pb measurements of chon-
drules are contaminated by terrestrial Pb. More precise age
dates have only recently been reported by Amelin and co-
workers (Amelin et al., 2002, 2004), but so far only whole
chondrules, not mineral separates, have been possible to
measure; thus isochrons from individual objects have not
yet been obtained. An isochron for a population of Allende
chondrules yields an age of 4566.7 ± 1.0 m.y., indistinguish-
able from the ages of Efremovka CAIs (Amelin et al., 2004).
An isochron plotting four whole chondrules from the CR
chondrite Acfer 059 yielded an age of 4564.7 ± 0.6 m.y.,
2.5 ± 1.2 m.y. younger than the mineral separates from
CAIs measured in the Efremovka CV meteorite by the same
technique (Amelin et al., 2002). These authors noted that
the low error on the isochron regression line suggests that
the chondrules analyzed had a similar age to each other,
probably all forming within ~1.2 m.y. Amelin and Krot
(2005) have recently reported absolute ages of chondrule-
like silicate clasts from the CB meteorites Gujba (4562.7 ±
0.5 m.y.) and Hammadah al Hamra 237 (4562.8 ± 0.9 m.y.).
We would like to emphasize that the origin of the chon-
drule-like clasts in CB chondrites is controversial, with both
nebular (Weisberg et al., 2001; Campbell et al., 2002) and
asteroidal (Rubin et al., 2003) models proposed. It is not,
therefore, clear whether they can be considered chondrules
in the usually understood sense of the word. For example,
Amelin and Krot (2005) and Krot et al. (2005b) concluded
that chondrules in CB chondrites formed during a giant
impact between Moon-sized planetary embryos after the
protoplanetary disk largely (but not completely) dissipated.
As a result, the significance of the CB “chondrule” abso-
lute ages for constraining the lifetime of the solar nebula
remains unclear.

In summary, Pb-Pb ages currently provide the most pre-
cise ages of early solar system solids. The span of ages
represented by Pb-Pb dates of chondritic objects is several
million years, with CV CAIs and chondrules apparently the
oldest, and objects from CB meteorites around 4–5 m.y.
younger. If we assume that objects formed in a nebular
setting prior to the final accretion of the asteroidal parent

bodies and dissipation of the disk, then this constrains a
minimum age for the solar accretion disk.

3. RELATIVE AGES OF PROTOPLANETARY
DISK MATERIALS DEFINED BY
SHORT-LIVED RADIONUCLIDES

3.1. Introduction

Isotopes with half-lives that are very much shorter than
the age of the solar system (<100 m.y.) may once have been
present in solar system material, but are now considered
extinct. However, their initial presence in some early solar
system materials can be detected by an excess of their
daughter isotope. Evidence for the existence of several
short-lived isotopes has now been found in meteorites; these
are summarized in Table 1. In principle, short-lived isotopes
can provide relative ages of old components with very high
precision.

The initial abundance of the short-lived isotope can be
quantified if there are regions of variable parent/daughter
elemental ratios within a single object that formed during
one event (e.g., different minerals within an igneous object,
or between several objects that are assumed to be the same
age). Figure 3a shows an example of evidence for the ex-
tinct short-lived isotope 26Al within an igneous (Type B)
CAI. A correlation (“isochron”) is observed between 27Al/
24Mg and 26Mg/24Mg. Minerals with lower Al/Mg ratios,
such as spinels, contain a lower 26Mg/24Mg ratio than miner-
als with high Al/Mg ratios such as anorthite. This is because
the effect of 26Al decay on the Mg-isotopic composition is
most significant for the minerals with high Al/Mg ratios.
Since the excess in 26Mg is due to the decay of 26Al, the
slope of the isochron is equal to the initial 26Al/27Al ratio.
If several objects formed at different times from an isoto-
pically similar reservoir, then the older objects will yield a

TABLE 1. Short-lived isotopes initially present in meteorites.

Initial
Radioactive T Daughter Stable Abundance
Isotope (R) (m.y.) Isotope Isotope (S) (R/S)

7Be 52 d 7Li 9Be 6 × 10–3

41Ca 0.1 41K 40Ca 1.5 × 10–8

36Cl 0.3 36S 35Cl > 1.1 × 10–5

26Al 0.74 26Mg 27Al 5 × 10–5

10Be 1.5 10B 9Be 4–14 × 10–3

60Fe 1.5 60Ni 56Fe 0.1–1.6 × 10–6

53Mn 3.7 53Cr 55Mn 1–12 × 10–5

107Pd 6.5 107Ag 108Pd >4.5 × 10–5

182Hf 9 182W 180Hf >1.0 × 10–4

129I 16 129Xe 127I 1.0 × 10–4

92Nb 36 92Zr 93Nb 10–5 – 10–3

244Pu 81  Fission products 238U 4–7 × 10–3

146Sm 103 142Nd 144Sm 7 × 10–3
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higher initial 26Al/27Al ratio than the younger ones (i.e.
produce an isochron with a steeper slope), thus age infor-
mation can be extracted, as the half-life of 26Al is known.
The intercept 26Mg/24Mg indicates the initial 26Mg/24Mg of
the rock, and can indicate whether resetting of the isotope
clock has taken place. If the system is equilibrated with
respect to Mg isotopes after some component of 26Al has
decayed, then this caused the bulk 26Mg/24Mg of the sys-
tem to be raised, i.e., the intercept to increase (e.g., Podosek
et al., 1991). The initial abundance of other short-lived iso-
topes is calculated in a similar way. For reviews of the use
of short-lived isotopes as chronometers, see, for example,
Swindle et al. (1996), Gilmour and Saxton (2001), and
McKeegan and Davis (2003).

The use of short-lived isotopes as chronometers involves
making several assumptions. The main assumptions are that
(1) all the components used to make an isochron formed
from a reservoir that was initially isotopically homogeneous
with respect to the radioactive parent of the short-lived iso-
tope, (2) the components measured are coeval and initially
had the same daughter isotopic composition, (3) no post-
formational redistribution occurred, and (4) the half-lives
are accurately known. Post-formational redistribution of iso-
topes, and the relationship between analyzed phases, can to
some extent be monitored by geochemical and mineralogical
studies. For example, isotope redistribution may have oc-
curred in objects for which there is mineralogical evidence
for secondary mobilization by metamorphism or aqueous

Fig. 3. Al-Mg evolutionary diagram for (a) an igneous (Type B) CAI from the CV3 chondrite Allende (from Lee et al., 1976),
(b) a ferromagnesian chondrule from the LL3.0 chondrite Semarkona (from Kita et al., 2000), (c) a ferromagnesian chondrule from
the CO3.0 chondrite Y-81020 (from Kunihiro et al., 2004), and (d) an Al-rich chondrule from the CR2 chondrite PCA 91082 (from
Hutcheon et al., 2004). The observed range in the initial 26Al/27Al ratios, if interpreted chronologically, suggests that chondrule forma-
tion lasted for at least 2–3 m.y. after CAI formation. fas = fassaite; gl = glass; ol = olivine; pl = plagioclase; px = pyroxene; sp = spinel.
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processing. The assumption of homogeneity is considered
in detail in the next section.

3.2. Initial Abundances and Distribution

The initial abundances, as far as we know them, of the
known short-lived isotopes in the early solar system are
summarized in Table 1. The initial values for 10Be, 26Al,
41Ca, 53Mn, and 129I are taken from values measured in
CAIs, which are known to be extremely ancient solids (see
section 2 above). Values for the other known short-lived
isotopes are taken from other chondritic components,
achondrites, and iron meteorites. The parent elements of
these isotopes are not refractory enough to have initially
been present at a sufficiently high level in CAIs. In this
review, we will focus on the isotopes 26Al and 53Mn. This
is because these isotopes have been measured in a wide
range of components (chondrules and CAIs) assumed to
have formed prior to asteroidal accretion, and thus they can
potentially provide the most information about early solar
system chronology. The short-lived isotope 129I has also
been measured in a wide range of samples, including indi-
vidual chondritic components (e.g., Whitby et al., 2004).
Some of these measurements are of primary age dates (e.g.,
Gilmour et al., 2000; Whitby et al., 2002), but the use of I-
Xe as a chronometer of primary mineral crystallization is
hampered by the extreme mobility of both I and radiogenic
Xe under many geological conditions.

Both the formation mechanism of these nuclides and
their distribution mechanism are currently debated. The
short-lived isotopes must have been formed soon before the
formation of the first solar system solids, because they were
still “live” — i.e., present in measurable quantities — when
these solids formed. Mechanisms for the formation of these
isotopes are that they all formed in a star, or in the local
solar environment. A stellar source for short-lived isotopes
could have been a supernova, a Wolf-Rayet star, or, less
likely, because they are not associated with star-formation
regions, a thermally pulsing asymptotic giant branch (AGB)
star, and they were then injected into the solar system (e.g.,
Arnould et al., 1997; Cameron et al., 1995; Goswami and
Vanhala, 2000; Boss and Vanhala, 2001; Busso et al., 2003).
If an external stellar source for the short-lived isotopes is
assumed, then the existence of 10Be is at first glance prob-
lematic, as this isotope is not formed in stellar environments
(McKeegan et al., 2000). However, Desch et al. (2004)
presented a model in which 80% of the 10Be inferred to have
been present in CAIs is a trapped galactic cosmic ray (GCR)
component, and the remainder formed from spallation re-
actions by GCRs.

Alternatively, all, or a component of, the isotopes 10Be,
26Al, 41Ca, and 53Mn may have formed by irradiation, i.e.,
spallation mainly due to energetic protons and 3He nuclei,
in the early solar system itself, close to the young Sun (Lee
et al., 1998; Gounelle et al., 2001; Goswami et al., 2001;
Leya et al., 2003; Chaussidon and Gounelle, 2006), and
could then have been distributed to asteroidal distances in
the protoplanetary disk via an outflow, for example, in CAIs

and chondrules within an X-wind (Shu et al., 1996, 2001).
The irradiation model fails to produce the extinct iso-

tope 60Fe. An upper limit for the initial presence of 60Fe in
CAIs is at levels of (60Fe/56Fe)0 = 1.6 × 10–6 (Birck and
Lugmair, 1988). Recent measurements of its decay prod-
uct, 60Ni, have been reported in chondritic sulphides from
Bishunpur (LL3.1), demonstrating it was initially present
in these minerals at levels of 60Fe/56Fe = ~1 × 10–7 (Tachi-
bana and Huss, 2003; Guan et al., 2003). Silicate chon-
drules appararently formed in an environment in which the
60Fe/56Fe was 2–5 × 10–7 (Tachibana et al., 2005). Sulfides
in Semarkona (LL3.0) contained 60Fe at levels that are even
higher — (60Fe/56Fe)0 = (1.00 ± 0.15) × 10–6 — although
the Fe-Ni system may have experienced remobilization in
these samples (Moustefoui et al., 2003, 2004). This is the
expected level for late-formed constituents of a long-last-
ing solar nebula initially seeded by supernova material
(Tachibana et al., 2003), and above expected normal ga-
lactic background levels. While the proportions of the iso-
topes formed by each mechanism is unknown, it is probable
that the roster of short-lived isotopes as a whole formed by
more than one mechanism (e.g., Russell et al., 2001; Huss
et al., 2001). The formation of short-lived isotopes is dis-
cussed in more detail in Chaussidon and Gounelle (2006).

The formation and distribution mechanism of the short-
lived isotopes will define the likelihood of whether the ini-
tial abundances of short-lived isotopes recorded in CAIs
represent values that were once homogeneously present in
the solar system as a whole. It is highly improbable that
the isotopes that formed by irradiation close to the Sun
would be initially homogeneously distributed in all chon-
dritic components, as this would require all components to
have been subjected to the same initial irradiation condi-
tions onto the same starting composition and subsequent
homogenization in the solar nebula. If these isotopes formed
by production in a star, then they may or may not have been
homogeneously mixed into the solar accretion disk (Van-
hala, 2001; Boss and Vanhala, 2001; Vanhala and Boss,
2002; Boss, 2004).

Thus the use of short-lived isotopes as age-dating tools
for early solar system objects is limited by the current lack
of understanding of their initial distribution. Most authors
make an assumption of homogeneity in order to tentatively
draw chronological conclusions; this assumption was re-
cently strengthened, at least on an asteroidal scale, by pre-
cise measurements of Mg isotopes in bulk chondrite groups
(Bizzarro et al., 2004). Below, we summarize the data ac-
quired so far and discuss its implications and limitations for
understanding solar system chronology.

3.3. Short-lived Isotope Abundance in Chondrules
and Calcium-Aluminum-rich Inclusions

Quantitative information about the age difference be-
tween chondritic objects can be obtained from isotope meas-
urements using short-lived isotopes.

3.3.1. Aluminum-26. From thousands of individual
measurements by ion microprobe, it has emerged that iso-
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chrons determined from high Al/Mg minerals from most
unaltered, typical CAIs are characterized by a canonical ini-
tial ratio 26Al/27Al = 4–5 × 10–5 (MacPherson et al., 1995;
Russell et al., 1996, 1998). High-precision ICP-MS analy-
ses of unaltered CAIs suggest that the initial 26Al/27Al con-
tent of many CAIs may have been as high as 7 × 10–5 (e.g.,
Galy et al., 2004; Young et al., 2005). The study of Young
et al. (2005) showed that a single CAI may contain some
minerals with an initial 26Al/27Al ratio of ~7 × 10–5 igne-
ously associated with minerals with initial 26Al/27Al of ~5 ×
10–5, suggesting an extended high-temperature nebular his-
tory. We note, however, that the “supracanonical” 26Al/27Al
ratio in the CV CAIs reported by Young et al. (2005) is not
without controversy; e.g., some bulk Mg-isotopic measure-
ments of Allende CAIs by ICP-MS revealed a lower model
isochron of (5.25 ± 0.1) × 10–5 (Bizzarro et al., 2004).

A significant proportion of CAIs contain much less, or
ummeasurably low, levels of initial 26Al. These include the
so-called FUN inclusions (MacPherson et al., 1988), some
Type C CAIs (Wark, 1987; Hutcheon et al., 2004; Krot et
al., 2005a), grossite- and hibonite-rich CAIs in CH chon-
drites (MacPherson et al., 1989; Weber et al., 1995), and
R chondrites (Bischoff and Srinivasan, 2003) and CAIs that
have experienced extensive secondary elemental redistribu-
tion (MacPherson et al., 1995). There are very little data
for the related refractory inclusion type, AOAs, but the data
that exists point to these having an initial 26Al/27Al ratio of
around 3 × 10–5 (Itoh et al., 2002).

In situ measurements of chondrules yield initial 26Al/27Al
values clearly lower than the canonical CAI value, and in
general, the values recorded are more variable than for the
majority of CAIs. Chondrules from unmetamorphosed or-
dinary chondrites typically formed with 26Al/27Al ~1 × 10–5

(e.g., Russell et al., 1996; Kita et al., 2000, McKeegan et
al., 2001; Mostefaoui et al., 2002). Other chondrules, from
higher metamorphic subgrades (>3.1) of ordinary chon-
drites, have lower initial values, which could be ascribed
to metamorphic resetting (Huss et al., 2001). In carbona-
ceous chondrites, there is evidence from unaltered CR and
CV meteorites for a range in initial 26Al/27Al values in chon-
drules, ranging from 3 × 10–6 to 1 × 10–5 in samples for
which evidence for initial 26Al could be found (Tachibana
et al., 2003; Hutcheon et al., 2004). Kunihiro et al. (2004)
also suggested that the initial 26Al abundance varied be-
tween chondrules from carbonaceous (initial 26Al/27Al ~4 ×
10–6) and ordinary chondrite groups (initial 26Al/27Al ~7 ×
10–6), suggesting differences in asteroidal accretion times
between chondritic parent bodies. The difference in initial
26Al abundance between different chondrules, and the much
higher values observed in CAIs, could be interpreted as
indicating that the period of formation of nebular solids,
from CAIs to the youngest chondrules, extended over at
least ~4 m.y. Alternatively, chondrules and CAIs could have
formed in regions different to each other in Al-isotopic com-
position.

Recent bulk Mg-isotopic measurements of Allende chon-
drules yield a range of (26Al/27Al)I from (5.66 ± 0.80) × 10–5

to (1.36 ± 0.52) × 10–5 (Bizzarro et al., 2004). However, be-
cause these measurements involve much lower amounts of
26Mg* compared to CAIs, the (26Al/27Al)I in chondrules is
much more sensitive to fractionation laws and assumed
initial Mg-isotopic composition, and so further work is re-
quired to explore these results and their implications.

More clear-cut chronological information can be ob-
tained from single objects that have experienced more than
one stage in their history. Hsu et al. (2000) reported a CAI
with an inner zone once containing 26Al/27Al at the canoni-
cal level of ~5 × 10–5 and outer zone depleted in initial 26Al;
the authors interpreted this to indicate that the whole CAI
initially contained 26Al/27Al at ~5 × 10–5 and had experi-
enced nebular remelting after the decay of 26Al, indicating
a several-million-year preasteroidal accretionary history for
this object. Even more compelling is the rare presence of
relic CAIs with disturbed Al-Mg systematics found within
chondrules (Krot et al., 2004). These inclusions are miner-
alogically similar to CAIs that formed with canonical 26Al/
27Al, and the disturbance of the Al-Mg systematics in these
objects implies that the 26Al in the CAI decayed ≥2 m.y.
prior to their incorporation in the chondrule-forming event.

Overall, the data for 26Al suggest that the formation of
CAIs and chondrules may have occurred over several mil-
lion years, assuming it was homogeneously distributed.
There is firm evidence for an extended, >2-m.y. nebular
history for some individual objects.

3.3.2. Manganese-53. Birck and Allègre (1988) reported
the first Mn-Cr-isotopic measurements of two Allende CAIs.
They concluded that CAIs had formed with an average ini-
tial 53Mn/55Mn ratio of (4.37 ± 1.07) × 10–5. Nyquist et al.
(2001) inferred an initial 53Mn/55Mn of (2.81 ± 0.31) ×
10–5 for the Efremovka CAIs, whereas Papanastassiou et
al. (2002) reported initial values ranging from 1.0 × 10–5

to 12.5 × 10–5 for the Allende CAIs. Papanastassiou et al.
(2002) suggested that the measured span in the initial 53Mn/
55Mn ratio in CAIs results from metamorphic redistribution
of Mn. Accurate determination of Mn-Cr systematics in
CAIs is complicated by the fact that Mn is too volatile to
have been initially present in high abundance in CAIs. This
problem is discussed by Lugmair and Shukolyukov (1998),
who suggest using an initial 53Mn/55Mn value for CAIs of
~1.4 × 10–5, a value chosen to fit well with other isotope
systems.

Data for chondrules are limited, but appear more con-
sistent than for CAIs. Nyquist et al. (1994, 2001) reported
Mn-Cr data on unequilibrated ordinary chondrite chon-
drules. They found that Chainpur and Bishunpur chondrules
formed when 53Mn/55Mn was equal to (0.94 ± 0.17) × 10–5

and (0.95 ± 0.13) × 10–5 respectively.
These data, if interpreted chronologically, would imply a

formation time difference of ~6 m.y. between Allende CAIs
and ordinary chondrite chondrules if an average value for
the initial CAI value is used, or ~12 m.y. if the highest (i.e.,
apparently the oldest) value for CAI initial 53Mn/55Mn is
used. This timescale, using the highest initial 53Mn/55Mn,
is clearly at odds with the timescale inferred from 26Al data.
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However, if the initial 53Mn/55Mn estimate of ~1.4 × 10–5

is used (Lugmair and Shukolyukov, 1998), the time differ-
ence between the initial value and the chondrules is only
~2 m.y., similar to what is inferred from 26Al.

3.4. Short-lived Isotopes in Achondrites

Timescales of achondrite solidification may give some
clues as to planetesimal formation timescales and therefore
the end of the disk lifetime (although the disk may not have
terminally dissipated at the time of the first planetesimal
formation; see section 6). A few occurrences of short-lived
26Al within achondrites have been recorded, including
within eucrites (e.g., Srinivasan et al., 1999; Nyquist et al.,
2003a), angrites (e.g., Nyquist et al., 2003b), and ureilites
(Kita et al., 2003); for details, see Wadhwa et al. (2006).
For the eucrite Asuka 881394, which is thought to have
been a very early-formed rock on the HED parent body
[which is possibly the asteroid 4 Vesta (e.g., Consolmagno
and Drake, 1977)], Mn-Cr-isotopic analyses determined
initial 53Mn/55Mn = (4.6 ± 1.7) × 10–6. This value has been
recently more precisely measured at (4.02 ± 0.26) × 10–6

(Wadhwa et al., 2006). This initial 53Mn abundance corre-
sponds to a formation interval ∆tLEW = –6 ± 2 m.y. relative
to the LEW 86010 angrite if 53Mn was homogeneous, im-
plying an “absolute” age of 4564 ± 2 m.y. The initial 26Al/
27Al ratio of Asuka 881394 is (1.18 ± 0.14) × 10–6, sug-
gesting a formation time of ~4 m.y. after CAIs, if 26Al was
homogeneous. The angrites LEW 86010, D’Orbigny, and
Sahara 99555 all contain evidence for live 26Al and 53Mn
when they formed. Plagioclase-bearing clasts in the Dar al
Gani 319 polymict ureilite yielded an initial 26Al/27Al ra-
tio of 4 × 10–7 (Kita et al., 2003). This corresponds to for-
mation ~5 m.y. after CAIs, if an initially homogeneous
distribution of 26Al is assumed. The significance of a few-
million-year delay between CAI formation and achondrite
crystallization is discussed in more detail in section 6.2.
Absolute ages also suggest a significant delay between CAI
formation and achondrite crystallization. The Pb-Pb min-
eral isochron ages of cumulate eucrites range from 4.40 G.y.
to 4.48 G.y. (Tera et al., 1996). Angrites have an absolute
age of 4557.8 ± 0.5 m.y. (Lugmair and Galer, 1992), i.e.,
approximately 10 m.y. younger than CV CAIs. These data
imply that the formation of some differentiated asteroids
occurred several millions of years after the formation of the
first chondritic components.

Recently, Gounelle and Russell (2005) have proposed a
chronological model based on the assumption that 26Al and
53Mn were heterogeneously distributed in the early solar
system. They assume that CAIs and chondrules have intrin-
sic different initial contents of 26Al and 53Mn, and that dif-
ferentiated parent bodies are the result of the agglomeration
of CAIs and chondrules in chondritic proportions. With such
assumptions, it is possible to calculate a model relative age
that dates the time difference between the agglomeration
of CAIs and chondrules of a given parent body until the
isotopic closure after differentiation of that same parent

body. Note that the meaning of age in such a model is radi-
cally different from that of models assuming a homoge-
neous distribution of 26Al and 53Mn (see above). In such a
model, Asuka 881394 crystallized 2.8 ± 1 m.y. after the
agglomeration of its precursors, while D’Orbigny crystal-
lized 4.3 ± 1 m.y. after the crystallization of its precursors.
Tying these relative numbers to absolute Pb-Pb ages pro-
vides absolute ages for the agglomeration of precursors of
Asuka 881394 and D’Orbigny (Gounelle and Russell, 2005).

4. SUMMARY OF COSMOCHEMICAL
EVIDENCE FOR DISK LIFETIMES

The evidence from several long- and short-lived isotope
systems and mineralogical observations suggests that CAIs
are the oldest known solids in the solar system. The latest
Pb-Pb and petrographic data suggest that the first chon-
drules may have formed at around the same time as CAI
formation (see Amelin et al., 2004; Bizzarro et al., 2004).
However, chondrule formation appears to have been a pro-
tracted process lasting several millions of years. Since both
these components are generally believed to have formed
while the solar system had a protoplanetary disk, the most
straightforward conclusion that can be drawn is that high-
temperature processing in the disk may have taken several
millions of years. However, results from the different iso-
tope systems often contradict each other in precise detail.
For example, the Pb-Pb system suggests that the maximum
age difference between CV3 chondrules and CAIs is 2 m.y.
or less, whereas the 26Al data suggest an age gap between
CAI formation and formation of the first chondrules of
~>2 m.y. The (albeit limited) recent precise Pb-Pb data
points to each of the components of a particular meteorite
having a similar age to each other, but differences of 4–
5 m.y. are seen in bulk age between meteorites from dif-
ferent groups. In contrast, 26Al-26Mg dating suggests that
CAIs from most groups have a similar age, distinguishable
from chondrules in the same meteorite groups. While Al-
Mg systems suggest a 2–3 m.y. age gap between different
components from the meteorite groups, Mn-Cr systemat-
ics point to a possibly longer age gap of up to 12 m.y. (again
between different meteorite groups). Petrologic evidence
suggests that the formation of CAIs and chondrules may
have even overlapped, albeit from very rare observations.

Clearly, we are far from having a complete understanding
of the chronology of the early solar system, and resolution
of these inconsistencies requires a detailed consideration of
the weaknesses of each isotopic system as a chronometer
and an assessment of their initial distribution. The Mn-Cr
system can probably be disregarded as an effective chro-
nometer of the CAI-chondrule age gap, since the primary
Mn content of CAIs is so low as to make initial abundance
of 53Mn in CAIs problematic. In addition, there is evidence
that 53Mn was initially heterogeneous in the solar system
(Shukolyukov and Lugmair, 2000). Both the Al-Mg and Pb-
Pb systems may have been affected by later elemental
mobilization, either in the nebula or parent body. This may
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have caused homogenization of Pb isotopes in the parent
body, or preferential resetting of Al-Mg systematics in chon-
drules rather than in CAIs. A final reason for the discrep-
ancy is that the 26Al/27Al of the early solar system may have
been heterogeneous, diminishing the use of Al-Mg-isoto-
pic systematics as a chronometer in the context of determin-
ing the relative age of CAIs and chondrules.

Two working interpretations of these observations will
be considered in section 6 below. First, the isotopic data
may point to an extended nebular history for the compo-
nents of each chondrite class. In this case, a viable storage
mechanism for the early-formed components must be con-
sidered. A second possibility is that all the components from
a single class formed at around the same time, but with
individual components having very different 26Al contents
(e.g., if the short-lived isotopes formed by irradiation close
to a young Sun). In this case, the apparent several-million-
year age difference between the chondrite groups (Amelin
et al., 2002, 2004) is due to the formation of chondrites,
from isotopically heterogeneous components, lasting sev-
eral millions of years.

While the isotope systems do not yield an entirely con-
sistent picture in detail, all the data point to an extended
period of formation of nebular solids that lasted on the order
of a few million years. In section 6 we discuss several ways
to explain these observations. However, precise quantifi-
cation of the time periods involved will require further
analyses of well-characterized chondrite components on
unaltered meteorite samples, using several different isotope
techniques (see section 7).

5. OBSERVATIONS OF DISK LIFETIMES
AROUND YOUNG STELLAR OBJECTS

Our understanding of the lifetimes of the disks of low-
mass, pre-main-sequence stars based on astronomical con-
straints has changed only modestly since the review by
Podosek and Cassen (1994). Those authors concluded that
the observational evidence was strong for disk lifetimes
longer than 1 m.y. but typically less than 10 m.y.; recent re-
search has added a number of details, but has not changed
the overall picture.

To understand the limitations of astronomical “disk life-
times,” it is necessary to consider what is actually being
observed. To begin with, our ability to detect disk gas is
poor, especially molecular hydrogen, the dominant constitu-
ent, and so little is known about gas-disk lifetimes. A few
estimates of disk gas masses have been made using warm
molecular hydrogen emission (e.g., Thi et al., 2001), al-
though at least one detection has been called into question
(Lecavelier des Etangs et al., 2001). In any case, these
detections do not constrain the amount of material at tem-
peratures much lower than about 100 K; in addition, if the
disk is optically thick at mid-infrared wavelengths, as is
often the case for T Tauri stars, the observed emission may
come only from disk surface layers.

Detections of emission from molecules other than H2 are
much more common. Both hot (1000 K) and cold (10–
30 K) CO emission has been detected from disks around
T Tauri stars (e.g., Aikawa et al., 2002; Najita et al., 2003),
and low-temperature molecular emission has also been stud-
ied (e.g., Dutrey et al., 1996). The problem with the detec-
tions of molecular emission, apart from abundance uncer-
tainties, is that they generally arise from warm(er) upper
layers of T Tauri star disks, due to optical depth effects and
requirements for excitation, and thus directly trace only a
small fraction of the total gas mass present. The situation
is different for the so-called “debris disk” systems such as
β Pic, which are relatively optically thin and have small gas
masses, but these objects probably represent the very end
stages, when collisions between planetesimals probably pro-
duce most of the observed emitting dust.

The one set of gas diagnostics that appear to reflect the
bulk of local gaseous material are the emission lines pro-
duced as disk gas accretes through the stellar magneto-
sphere and continuum emission produced as the accreting
gas crashes onto the stellar surface (Fig. 4). Although the
amount of gas in these inner regions is very small, the rate
of mass flow onto the star is significant in an evolutionary
sense. Estimates indicate that typical mass flow rates are
~10–8 M  per year, so that over the T Tauri lifetime of a
few million years the typical star accretes a few times the
minimum mass solar nebula (Hartmann et al., 1998). While
this accreted mass must be a typical minimum gas mass of
T Tauri disks, the measurement of accreting gas obviously
does not directly constrain the instantaneous disk mass.

The main astronomical indicator of disk lifetimes is dust
emission. Here one must make additional distinctions, de-
pending upon the wavelength of observation. The most
sensitive observations so far have been made at near-infra-
red wavelengths (λ ~ 2–3 µm) using groundbased telescopes.
However, such data only trace dust in the innermost disk
(Fig. 4), typically at a distance of about 0.1 AU for T Tauri
stars. Dust appears to sublimate at temperatures of about

Fig. 4. Schematic diagram of a typical T Tauri star with accre-
tion disk. Differing diagnostics of disks, along with approximate
typical distance scales and wavelengths of observation, are indi-
cated. Most infrared dust emission tends to arise from surface
layers, due to optical depth effects; submillimeter and millime-
ter-wave emission is more likely to trace midplane regions where
most of the mass resides (see text).
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1500 K in pre-main-sequence stellar accretion disks (Natta
et al., 2001; Muzerolle et al., 2003), setting the effective
inner edge of disk dust. Observations at λ ~ 3 µm generally
provide the most sensitive indication of inner dusty disks,
especially for T Tauri stars. Groundbased observations on
large telescopes can also be used to detect dusty disk emis-
sion at λ ~ 10 µm with reasonable sensitivity, probing mate-
rial at distances of about 1 AU in low-mass systems. Space-
based observations can detect colder dust emission, from
regions extending out to a hundred astronomical units or
more (Fig. 4). Current datasets from the Infrared Astronomi-
cal Satellite (IRAS) and Infrared Space Observatory (ISO)
missions provide modest sensitivity to disk emission; forth-
coming results from the Spitzer Space Telescope (previously
known as the Space Infrared Telescope Facility, or SIRTF)
should provide substantial advances in this area. Finally,
submillimeter- and millimeter-wave observations can detect
the coldest disk dust residing at large distances from the
central star. Current sensitivity in this region is limited; the
Atacama Large Millimeter Array (ALMA) promises major
advances in a few years. Overall, it becomes more difficult
to detect dust emission as the wavelength of observation in-
creases, thus our constraints on inner disk dust are much
stronger than on outer disk dust.

Dust emission is a poor indicator of disk mass. The short-
est-wavelength observations are sensitive to extremely tiny
amounts of small dust, but rapidly become insensitive to
dust mass for particles much larger than a few microme-
ters in size. In addition, T Tauri disks are usually optically
thick at wavelengths <100 µm; thus, the level of infrared
disk emission does not directly reflect the amount of mass,
even if the size distribution were known. Submillimeter- and
millimeter-wave observations detect more optically thin
material, and thus can be used with more certainty to esti-

mate disk masses (e.g., Beckwith et al., 1990), but are subject
to substantial uncertainties in the particle size distribution
(D’Alessio et al., 2001), and generally do not have suffi-
cient sensitivity to trace disk evolution to smaller masses.

Despite the above caveats, detections of dust emission
have played an important role in understanding disk evo-
lution. Strom et al. (1989) were the first to constrain the
evolution of dusty disk emission, finding that most disks
“disappeared” over timescales <10 m.y. Their data indicated
a strong decrease in emission from the hottest, innermost
disk regions even at ages as young as 3 m.y. Skrutskie et
al. (1990) performed more sensitive groundbased measure-
ments of mid-infrared emission (λ = 10 µm; Fig. 4), and
concluded that about half of all stars exhibited dusty disk
emission, while less than 10% of their sample did so at ages
>10 m.y. (see review by Strom et al., 1993).

Haisch et al. (2001) studied several young clusters us-
ing more sensitive observations in the L-band (3.5-µm
wavelength), which essentially probes the inner disk edge
(Fig. 4). As indicated by hot disk emission, Haisch et al.
inferred that the initial fraction of young stars with dusty
disks is high, ≥80% (see also Hillenbrand et al., 1998). At
ages of <~3 m.y., the disk fraction was about half, with most
disk emission disappearing by about 6 m.y., confirming the
results of Skrutskie et al. (1990) and Strom et al. (1999).
No clear evidence has been developed for any difference
in disk lifetimes between clustered and dispersed star-form-
ing environments (see also Brice et al., 2001).

There is a generally a close correspondence between the
disappearance of inner disk dust emission and the ending
of accretion onto the central star (Hartigan et al., 1990;
Muzerolle et al., 2000). A notable exception is the older
(10 m.y.) T Tauri star TW Hya. As shown in Fig. 5, TW Hya
exhibits strong disk emission at long wavelengths, but little

Fig. 5. (a) Spectral energy distribution of the 10-m.y.-old star TW Hya. Emission from the dusty disk is strong at wavelengths ≥10 µm,
but is nearly absent at shorter wavelengths. (b) Models of the spectral energy distribution imply that the disk must be relatively free
of small dust particles at radii <4 AU, even though the star is actively accreting, suggesting gas may be present within this “hole” in
the dust distribution (see text).
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or no hot dust emission. Models of the spectral energy dis-
tribution suggest large dust masses beyond 4 AU but very
minor amounts of small dust particles within this radius
(Calvet et al., 2002). At the same time, TW Hya is accreting
gas at highly time-variable rates (Muzerolle et al., 2000;
Alencar and Batalha, 2002), which suggests that substan-
tial amounts of gas are passing through this region even if
small dust is not.

The least-model-dependent way of characterizing the
observations of disk emission is to refer to the “disk life-
times” as the timescale at the wavelength in question when
the disk becomes optically thin (e.g., Strom et al., 1989).
Objects like TW Hya seem to be rare, suggesting that the
timescale for the transition between optically thick and
optically thin disk dust emission is very short (Skrutskie et
al., 1990). The most straightforward interpretation of the
observations is that the disk lifetimes estimated from dust
emission basically all correspond to times at which the small
particles are incorporated into larger bodies, rather than
accretion onto the central star or dispersal. Long-wavelength
observations of TW Hya suggest particle growth to sizes of
1 cm or so at radii ~100 AU (Calvet et al., 2002); one would
suspect even larger particle growth at smaller distances,
where timescales of evolution should be shorter.

The correlation of the decline in infrared emission with
the cessation of accretion onto central stars suggests that gas
as well as dust is being accumulated. The case of TW Hya
is extremely interesting as a transition object in which small
dust and gas flow has not completely disappeared.

In summary, between 50% and 80% of low-mass stars
initially have circumstellar disks, as indicated by dust emis-
sion and stellar accretion. The typical timescale for the dis-
appearance of substantial dust emission and disk is roughly
3–5 m.y.; however, considerable variation in this timescale
is seen among individual objects. Very few objects survive
with strong dust emission and gas stellar accretion to ages
of 10 m.y. These conclusions mostly correspond to disk
properties in the inner few astronomical units; more sensi-
tive observations with the Solar Space Telescope (SST) and
ALMA should provide better constraints on disk evolution
at large radii in a few years. The timescales for evolution
on much larger distance scales, and the evolution and ulti-
mate fate of the majority of disk gas (see, e.g., Hollenbach
et al., 2000) are poorly understood at present.

6. DYNAMICAL CONSIDERATIONS

The Pb-Pb age data suggest that chondrule formation
lasted a few million years after the formation of most CAIs,
based on chondrule ages in several different groups (sec-
tion 2.5). Regardless of the models adopted for the forma-
tion of CAIs and chondrules, or the source of the short-lived
radioisotope 26Al, there are several known examples of in-
dividual objects having a several-million-year nebula his-
tory (section 3). As discussed below in section 6.1, there has
been concern as to whether individual particles can survive
in the nebula for this long. In addition, the formation of

planetesimals too soon after CAIs may lead to their includ-
ing so much heat-producing 26Al and 60Fe that far more
melted asteroids and meteorites should be observed than
actually are. Different scenarios for asteroidal accretion that
might account for these observations are discussed in sec-
tions 6.2 and 6.3.

6.1. The Role of Nebular Gas

Solid particles in the disk are controlled by their inter-
actions with the gas. Any plausible circumstellar disk is
partially supported by a radial pressure gradient, so that it
rotates at slightly less than the Kepler velocity. Gas drag
acting on particles causes them to drift inward. As described
by Adachi et al. (1976) and Weidenschilling (1977), the peak
radial velocity of several tens of meters per second is
reached by approximately meter-sized bodies, whose orbits
decay at ~1 AU/century. Radial velocities decrease on both
sides of this peak, and are approximately proportional (in-
versely) to size for smaller (larger) bodies. In the absence
of other processes, both kilometer-sized planetesimals and
millimeter-sized particles would migrate inward 1 AU in
~105 yr, while centimeter-sized bodies would travel this dis-
tance in ~104 yr. These timescales are short compared with
the formation intervals and age differences for CAIs and
chondrules inferred from 26Al data, causing a concern about
their survival. Assuming these age differences are real, two
processes that reconcile the theory and observations are dis-
cussed in the next two sections.

6.2. Rapid Asteroidal Accretion in
Nonturbulent Nebulae

Particle collisions occur due to a variety of processes that
operate in different size ranges, including thermal motion,
differential settling and radial drift, and turbulence, if pres-
ent. Assuming that collisions result in coagulation, the time-
scales for growth can be estimated analytically (Weiden-
schilling, 1988). Because the first aggregates are likely to
be porous, crushable particles that can dissipate collisional
energy, growth to meter size is likely to be easy regardless
of the presence or absence of turbulence (e.g., Weiden-
schilling, 1997). If coagulation is inefficient, growth time-
scales scale inversely with sticking coefficient (although any
sticking coefficient would not be a simple constant, but a
function of particle sizes and relative velocities). Various
forms of collective effects have been offered that circum-
vent uncertainties in sticking mechanisms; none of these
have been quantified from the standpoint of asteroidal ac-
cretion timescales (see Cuzzi and Weidenschilling, 2006).

At any heliocentric distance an initial population of
micrometer-sized grains can produce centimeter-sized ag-
gregates in a few hundred orbital periods; the principal
growth mechanism is sweeping of smaller aggregates by
larger ones, which settle more rapidly. If the nebula is non-
turbulent, such aggregates settle into a thin layer in the cen-
tral plane during growth to centimeter sizes.
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Size-dependent drift rates cause collisions in any ensem-
ble of particles with a range of sizes. In a nonturbulent neb-
ula, centimeter- to meter-sized particles settle into a fairly
dense midplane layer where relative velocities are low and
growth is rapid (Cuzzi et al., 1993; Dobrovolskis et al., 1999;
Cuzzi and Weidenschilling, 2006). For perfect sticking, this
process can form kilometer-scale planetesimals in a few
thousand orbital periods, i.e., ~104 yr in the asteroid region.
More detailed numerical modeling (Weidenschilling, 1980,
1997) is in good agreement with these estimates, even when
realistic collisional properties are assumed rather than per-
fect sticking. Such growth times are short enough to pre-
vent much loss of solids into the Sun.

A short formation time for planetesimals in the asteroid
belt is consistent with the asteroid region initially contain-
ing its full complement of solids relative to H/He, with mass
exceeding that of Earth, or >103× the present mass of the
belt. Once kilometer-sized or larger planetesimals formed,
this high surface density would result in the rapid gravita-
tional accretion of protoplanetary embryos with masses as
large as ~0.01-0.1 M  on timescales ~106 yr, while leav-
ing a significant fraction of the total mass in small bodies.
These embryos, and most of the smaller bodies, would be
removed on timescales ~107–108 yr by scattering into un-
stable resonances with Jupiter and Saturn (Chambers and
Wetherill, 2001).

However, such rapid formation of planetesimals encoun-
ters two potential problems. One is the thermal conse-
quences of rapid accretion of bodies containing 26Al. If
planetesimals formed shortly after CAI formation and if
26Al was uniformly distributed in the solar nebula with an
initial 26Al/27Al ratio of 5 × 10–5, still-alive 26Al would heat
their interiors enough to reset isotopic ages in bodies as
small as ~30 km diameter (LaTourrette and Wasserburg,
1998), and would melt larger bodies. The heating effects
of 60Fe would be even more significant over longer time-
scales. It is not clear whether such thermal histories are
compatible with the evidence from asteroids and meteor-
ites. Most meteorites show evidence of thermal metamor-
phism, and a significant fraction of CAIs do appear to have
been altered (whether this alteration occurred in the nebula
or within parent bodies is unclear) (Brearley, 2006). Iron
meteorites provide evidence for melting within multiple
parent bodies, but only a few studies of formation age have
been made (Suguira and Hoshino, 2003; Scherstén et al.,
2005), and these suggest accretion before ~2 m.y. after CAIs.
However, there are very few asteroids that, from spectral
interpretations, appear to be differentiated; 4 Vesta is the
only surviving large asteroid of these. We believe we have
meteoritic samples of 4 Vesta, in the form of HED mete-
orites, some of which show clear evidence for having ini-
tially contained 26Al (Srinivasan et al., 1999; Nyquist et al.,
2003a). Hafnium-tungsten isotopes imply that Vesta differ-
entiated ~3 m.y. after CAI formation (Yin et al., 2002),
consistent with the amount of active 26Al incorporated in
its melts. The stochastic nature of asteroidal accretion al-
lows the growth of Vesta-sized bodies on such a timescale,

but the absence of other large igneous asteroids is puzzling,
if the accretion timescale for large planetesimals is indeed
<105 yr. Other achondrite groups (ureilites and angrites)
contained 26Al at even lower levels than HEDs when they
crystallized (Kita et al., 2003; Nyquist et al., 2003b), al-
though these are more highly evolved rocks that presum-
ably were relatively late to form on their parent bodies. In
fact, melted asteroids of any size (and their achondrite me-
teorites) are in the minority. In general, thermal modeling
implies that the initial 26Al/27Al ratio in most parent bod-
ies was much lower than in CAIs, consistent with either a
large-scale inhomogeneity in short-lived isotopes across the
solar accretion disk, or a delay in the onset of asteroidal
accretion (Bennett and McSween, 1996; Ghosh et al., 2006).

Another problem with rapid formation of planetesimals
is that the apparent CAI-chondrule age difference, the
spread in apparent formation ages for different chondrules,
and an extended nebular history for some individual objects
seem to indicate formation over an interval greater than
1 m.y. If these age differences are real, a simple model in
which small solid particles form in the solar nebula and
accrete directly into parent bodies of chondritic meteorites
is not tenable. Either planetesimal formation had to be de-
layed, or material that accreted quickly had to be recycled.
Preservation of primitive components and isotopic anoma-
lies after such recycling requires that most meteorite par-
ent bodies (i.e., asteroids) accreted from debris of smaller
first-generation bodies that never became hot enough for
their isotope systematics to be reset (i.e., <30 km in diam-
eter). This is discussed in more detail in Cuzzi and Weiden-
schilling (2006). We revisit this concept below, after dis-
cussing the role of turbulence.

6.3. Delayed Asteroidal Accretion in
Turbulent, Diffusive Nebulae

When, where, and even whether the nebular gas was tur-
bulent continues to be debated (Stone et al., 2000; Cuzzi et
al., 2001). The observation that million-year-old disks re-
tain a considerable fraction of material in small dust par-
ticles has been used to argue that widespread turbulence
must be present at least that long, regardless of our current
ignorance about how this is accomplished (Dullemond and
Dominik, 2005). Turbulence potentially plays a fundamen-
tal role in the accretion process, however, as highlighted
below. Particle-gas interactions in turbulence are reviewed
by Cuzzi and Weidenschilling (2006); here, we touch only
on some highlights and implications for meteoritic time-
scales.

6.3.1. Vertical diffusion and growth timescales. Global
turbulence diffuses particles into a thick, low-density layer
in which particle growth is much slower than in globally
nonturbulent nebulae (Cuzzi et al., 1993; Dubrulle et al.,
1995; Dobrovolskis et al., 1999; Cuzzi et al., 1996; Cuzzi
and Weidenschilling, 2006), and meter-sized particles drift
into the Sun before growing significantly (Weidenschilling,
1988, cf. equation (15)). Naturally, the growth of planetesi-
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mals and planetary embryos is thus also frustrated. Weiden-
schilling (2004) has found that the ability to retain enough
material in the Kuiper belt region practically requires tur-
bulence to be absent there. However, the situation may be
different in the inner solar system where, as noted above,
asteroidal and meteoritic evidence suggests that growth
needs to be slowed, not enhanced.

6.3.2. Radial diffusion and redistribution of material;
application to calcium-aluminum-rich inclusions. Because
small particles are quite well trapped to the nebular gas,
their random velocities in turbulence are practically the
same as the fluctuating gas velocities (103–104 cm/s), and
far exceed their small radial drift velocities (1–10 cm/s).
Random motions of this sort, in the presence of a radial
gradient in abundance, generate a diffusive mass flux that
can easily swamp the mass flux due to inward radial drift.
If CAIs are only produced in the inner nebula, an outward
gradient will certainly exist, and outward radial diffusion
can populate the entire nebula with small particles from the
inner nebula; thus “loss into the Sun” is not the problem it
once appeared (Cuzzi et al., 2003, 2005). Bockelée-Morvan
et al. (1995) reached similar conclusions in the context of
crystalline silicate grains in comets. Calcium-aluminum-rich
inclusions can be formed in the inner solar system and
persist for 1–3 m.y. until, or during, the chondrule-forma-
tion era. Larger CAIs are not retained as long in this model,
which thus predicts that CV chondrites were accumulated
earlier than most other meteorite types. There is a hint from
the recent work of Amelin et al. (2004) that this may in-
deed be the case. It has also been suggested that CAIs were
ejected from the inner solar system on orbital timescales
by stellar winds or jets (Shu et al., 1996). Even then, with-
out turbulence, they still drift inward and are lost from the
asteroid-belt region on a 105 yr or less timescale, thus the
transporting wind must have been active for several million
years, and accretion must have been fast after emplacement
into the asteroid belt. Observation and interpretation of the
mineralogy of CAIs might be able to distinguish between
these hypotheses (see Cuzzi and Weidenschilling, 2006).

In either case, persistence of CAIs as independent nebu-
lar constituents requires that they not accrete into sizeable
planetesimals for the approximately several-million-year
chondritic-component-forming period, and suggests that
asteroidal accretion might have been difficult in the inner
solar system for that amount of time. This frustration of
accretion is consistent with the apparent delay required in
accreting planetesimals large enough to melt under the in-
fluence of their 26Al. If CAIs formed early, they might have
been absorbed into meter-sized particles, but these either
got disrupted and dispersed, evaporated in the inner solar
system and got recycled as condensates, or were lost into
the Sun, with only the nonaccreted ones surviving.

6.3.3. Recycled planetesimals. An alternative to “stor-
age” of CAIs by outward turbulent diffusion or stellar wind
ejection is the rapid formation of planetesimals large enough
to be unaffected by the gas drag (at least a few kilometers),
so that their orbits do not decay significantly during an

interval of ~>1 m.y. Such a scenario would imply the fol-
lowing sequence of events: CAIs form early, perhaps in the
hot inner region of the nebula, and are preserved (with less
refractory material) within first-generation planetesimals,
which are too small to melt. These bodies are later disrupted
by collisions, returning CAIs to the nebula and producing
large amounts of dust and small fragments. [Wood (2004)
has noted some difficulties this possibility faces, given the
lack of reset Al-Mg ages and the lack of shock features in
CAIs.] Some heating mechanism (shock waves?) melts this
material, producing chondrules and remelting or altering
some CAIs. Chondrules, CAIs, and dust reaccrete to form
chondrite parent bodies before the nebula dissipates. In this
model, chondrites are secondary products of a complex and
violent evolution rather than the first planetesimals to form.
The most plausible cause of such events so long after the
formation of the solar nebula is the late formation of Jupi-
ter; the model and its implications are explored by Weiden-
schilling and Cuzzi (2006).

The two scenarios of diffusion and recycling are not nec-
essarily mutually exclusive. A period of turbulence could
have been followed by asteroidal accretion, with an episode of
disruption, processing, and reaccretion after Jupiter formed.

7. SUMMARY AND OPEN QUESTIONS

Cosmochemical measurements and observations of
young stellar objects both indicate a disk lifetime of sev-
eral millions of years. Absolute Pb-Pb measurements of
components believed to have formed within the disk point
to a minimum duration of 4–5 m.y. Aluminum-26 measure-
ments, less reliable because of questions about its initial
distribution, also point to a >5-m.y. age of the solar accre-
tionary disk. This is compatible with known achondrite
ages. A disk lifetime of this order seems plausible by com-
parisons to young stellar objects. The typical disk lifetime
(observed from the duration of dust emission) is 3–5 m.y.,
albeit with a large range of ages between different stars. Pre-
serving nebular components in a disk for this period of time
is possible provided that there is a mechanism for prevent-
ing the early-formed objects from drifting into the Sun; this
could be achieved by turbulent diffusion, or by storing CAIs
and early-formed chondrules in planetesimals that were too
small to melt.

A number of important open questions on this subject
are discussed in Cuzzi and Weidenschilling (2006), and
Weidenschilling and Cuzzi (2006). Some of the outstanding
areas are highlighted below.

More measurements of ages of individual components
(CAIs and chondrules) within the same meteorite may shed
light on asteroidal accretion timescales. It is important to
establish if the hints we have seen so far for differences
in ages between chondrites is real (Kunihiro et al., 2004;
Amelin et al., 2004), and this could potentially lessen the
CAI storage problem. One important question is whether the
formation of CAIs and chondrules overlapped in time, or if
there was a true gap between them. Overlap would suggest
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that they formed by a single process, perhaps with energy
density and temperatures decreasing with time and/or helio-
centric distance. An age gap of ~1 m.y. would imply either
more than one separate process or the same process occur-
ring multiple times, separated in time by a period of rela-
tive inactivity. The distribution of relative ages inferred from
26Al show little overlap between unaltered CAIs and chon-
drules (Wadhwa and Russell, 2000). This distribution ap-
pears to favor a gap, but may be due at least in part to selec-
tion of types of objects with measurable 26Al ages. Further
measurements are required, especially on objects interme-
diate between CAIs and chondrules. Only three Al-Mg ages
exist in the literature for AOAs (Itoh et al., 2002), which are
intermediate to CAIs and chondrules in properties and com-
position. These preliminary measurements on AOAs suggest
that they may have formed around 1 half-life (0.7 m.y.) after
CAIs, indicating that these objects may “fill the gap” be-
tween chondrules and CAIs. Measurements are also required
to compare different isotope systems on the same object,
and especially to combine absolute age dates by Pb-Pb and
Al-Mg and Mn-Cr measurements, in order to establish the
distribution of these isotopes in the early solar system.

Continuing studies of asteroid thermal evolution can help
to constrain planetesimal accretion timescales. Such stud-
ies need to include more realistic physics, such as time-
variable growth rates and collisional disruption occurring
concurrently with accretion. Associated isotopic analyses
of objects as diverse as unequilibrated chondrites to the
many different iron cores of differentiated bodies of which
we have samples can also help to constrain formation ages.

The distribution and lifetime of cold dusty material
around young stars is not currently well constrained. More
extensive measurements, particularly of submillimeter- to
millimeter-wavelength observations, will allow us to better
observe dust at smaller stellocentric distances.

It is critical that we try to understand the prevalence and
intensity of turbulence, since it plays a key role in setting
the timescales and even radial distribution of planetesimal
formation. Theoretical studies of nebula fluid dynamics
need to continue, and it may turn out that inferences from
various aspects of primitive bodies themselves might help
us to understand this issue (Cuzzi and Weidenschilling,
2006).
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