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Abstract

Mineralogical observations, chemical and oxygen–isotope compositions, absolute 207Pb–206Pb ages and short-lived isotope
systematics (7Be–7Li, 10Be–10B, 26Al–26Mg, 36Cl–36S, 41Ca–41K, 53Mn–53Cr, 60Fe–60Ni, 182Hf–182W) of refractory inclusions
[Ca,Al-rich inclusions (CAIs) and amoeboid olivine aggregates (AOAs)], chondrules and matrices from primitive (unmeta-
morphosed) chondrites are reviewed in an attempt to test (i) the x-wind model vs. the shock-wave model of the origin of chon-
dritic components and (ii) irradiation vs. stellar origin of short-lived radionuclides. The data reviewed are consistent with an
external, stellar origin for most short-lived radionuclides (7Be, 10Be, and 36Cl are important exceptions) and a shock-wave
model for chondrule formation, and provide a sound basis for early Solar System chronology. They are inconsistent with
the x-wind model for the origin of chondritic components and a local, irradiation origin of 26Al, 41Ca, and 53Mn. 10Be is het-
erogeneously distributed among CAIs, indicating its formation by local irradiation and precluding its use for the early solar
system chronology. 41Ca–41K, and 60Fe–60Ni systematics are important for understanding the astrophysical setting of Solar
System formation and origin of short-lived radionuclides, but so far have limited implications for the chronology of chondritic
components. The chronological significance of oxygen–isotope compositions of chondritic components is limited. The follow-
ing general picture of formation of chondritic components is inferred. CAIs and AOAs were the first solids formed in the solar
nebula �4567–4568 Myr ago, possibly within a period of <0.1 Myr, when the Sun was an infalling (class 0) and evolved (class
I) protostar. They formed during multiple transient heating events in nebular region(s) with high ambient temperature (at or
above condensation temperature of forsterite), either throughout the inner protoplanetary disk (1–4 AU) or in a localized
region near the proto-Sun (<0.1 AU), and were subsequently dispersed throughout the disk. Most CAIs and AOAs formed
in the presence of an 16O-rich (D17O � �24 ± 2&) nebular gas. The 26Al-poor [(26Al/27Al)0 < 1 � 10�5], 16O-rich
(D17O � �24 ± 2&) CAIs – FUN (fractionation and unidentified nuclear effects) CAIs in CV chondrites, platy hibonite
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crystals (PLACs) in CM chondrites, pyroxene–hibonite spherules in CM and CO chondrites, and the majority of grossite- and
hibonite-rich CAIs in CH chondrites—may have formed prior to injection and/or homogenization of 26Al in the early Solar
System. A small number of igneous CAIs in ordinary, enstatite and carbonaceous chondrites, and virtually all CAIs in CB
chondrites are 16O-depleted (D17O > �10&) and have (26Al/27Al)0 similar to those in chondrules (<1 � 10�5). These CAIs
probably experienced melting during chondrule formation. Chondrules and most of the fine-grained matrix materials in prim-
itive chondrites formed 1–4 Myr after CAIs, when the Sun was a classical (class II) and weak-lined T Tauri star (class III).
These chondritic components formed during multiple transient heating events in regions with low ambient temperature
(<1000 K) throughout the inner protoplanetary disk in the presence of 16O-poor (D17O > �5&) nebular gas. The majority
of chondrules within a chondrite group may have formed over a much shorter period of time (<0.5–1 Myr). Mineralogical
and isotopic observations indicate that CAIs were present in the regions where chondrules formed and accreted (1–4 AU),
indicating that CAIs were present in the disk as free-floating objects for at least 4 Myr. Many CAIs, however, were largely
unaffected by chondrule melting, suggesting that chondrule-forming events experienced by a nebular region could have been
small in scale and limited in number. Chondrules and metal grains in CB chondrites formed during a single-stage, highly-ener-
getic event �4563 Myr ago, possibly from a gas-melt plume produced by collision between planetary embryos.
� 2009 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Chondritic meteorites (chondrites) consist of three ma-
jor components—chondrules, matrix, and refractory inclu-
sions, which include Ca,Al-rich inclusions (CAIs) and
amoeboid olivine aggregates (AOAs). Two kinds of models
for the origin and chronology of chondritic components,
which propose different origins for short-lived radionuc-
lides (with a half-life of <10 Myr; see Table 1) in the early
Solar System, are currently being debated—(i) shock-wave
models (Desch et al., 2005 and references therein), often dis-
cussed together with external, stellar origin of short-lived
radionuclides (e.g., Goswami et al., 2005 and references
therein), and (ii) x-wind model (Shu et al., 1996, 2001) com-
monly associated with a local, irradiation origin of short-
lived radionuclides (Lee et al., 1998; Gounelle et al., 2001,
2006; Leya et al., 2003). Neither model is necessarily cou-
pled with a specific scenario for the production of short-
lived radionuclides.

According to the shock-wave models, CAIs, chondrules
and most of the matrix materials formed in the inner (1–
4 AU) disk as a result of multiple transient heating events
caused by shock waves that thermally processed presolar
dust that was initially mostly amorphous (Fig. 1). The nat-
ure of shock waves in the protoplanetary disk remains un-
clear: they could have resulted from fast moving
planetesimals (Hood et al., 2005), collisions between plane-
tary embryos (Hood et al., 2008), X-ray flares (Nakamoto
et al., 2005), or disk gravitational instability (Boss and
Durisen, 2005). Shock-wave models satisfactorily explain
the thermal history of chondrules (Desch and Connolly,
2002; Miura and Nakamoto, 2006) and igneous CAIs
(Richter et al., 2006), chondrule–matrix relationship (Scott
and Krot, 2005), and multistage reprocessing of chondrules
and CAIs (e.g., Jones et al., 2005; Russell et al., 2005; Krot
et al., 2007a), and therefore are currently favored.

According to one class of models of external origin of
short-lived radionuclides (e.g., Hester and Desch, 2005;
Ouellette et al., 2005), the Sun formed in an H II region
with one or several massive stars. One of these stars ex-
ploded as a supernova and injected freshly-synthesized,
short-lived radionuclides either into the protosolar molecu-
lar cloud or the protoplanetary disk. These radionuclides
were quickly homogenized and, therefore, can be used for
the early Solar System chronology, including chronology
of chondritic components. Testable implications of a model
of an external origin of short-lived radionuclides include (i)
homogeneity of short-lived radionuclides, (ii) correlation of
their abundances, and (iii) the existence of consistent cross-
calibrations of chronologies based on short-lived (relative)
and long-lived (absolute) isotope systematics (e.g., Wadhwa
et al., 2007). The timing and mechanism of injection of
short-lived radionuclides into the Solar System remain con-
troversial. For example, it was proposed that 26Al had been
injected into the molecular cloud with the stellar wind of
massive star(s) prior to supernova explosion that intro-
duced 60Fe (Bizzarro et al., 2007a), that 60Fe and 26Al could
be due to local enhancement of 60Fe and 26Al in the Sun-
forming region as a result of explosion of a single or multi-
ple supernova prior to the collapse of the protosolar molec-
ular cloud (Gounelle et al., 2008), and that 53Mn could have
resulted from galactic chemical evolution (e.g., Huss et al.,
2009 and references therein).

The fluctuating x-wind model of Shu and co-workers
(Shu et al., 1996, 1997, 2001; Lee et al., 1998; Gounelle
et al., 2001) is based on (i) astronomical observations,
including bi-polar outflows (e.g., Reipurth and Bally,
2001) and powerful X-ray flares (Glassgold et al., 2005
and references therein) associated with young stellar ob-
jects, (ii) theoretical modeling of the interaction of the mag-
netic field of a star and its protoplanetary disk (Shu et al.,
1996), and (iii) theoretical modeling of the irradiation origin
of short-lived radionuclides, which, given a number of
assumptions reproduces to within a factor of 10 or so their
initial abundances in the Solar System (Gounelle et al.,
2001, 2006; Leya et al., 2003; Chaussidon and Gounelle,
2006). The x-wind model was originally proposed for the
origin of chondritic components, specifically to explain
the coexistence of high-temperature chondritic components,
CAIs and chondrules, and apparently thermally unpro-
cessed fine-grained matrix material, that accreted together
at 1–4 AU into chondrite parent bodies (Shu et al., 1996,
1997). It was later expanded to explain the origin of
short-lived radionuclides in the early Solar System (Lee
et al., 1998; Shu et al., 2001; Gounelle et al., 2001, 2006).
According to this model, schematically illustrated in



Table 1
Short-lived (t1/2 < 10 Myr) radionuclides detected in chondritic components, their inferred initial abundances and proposed origin.

Isotope t1/2 (Myr) Daughter
isotope

Reference
isotope

Initial abundancea Proposed origin

41Ca 0.1 41K 40Ca (41Ca/40Ca)0 � 1.5 � 10�8 Stellar (AGB, massive stars, WR, ccSN), solar irradiation
36Cl 0.3 36Ar 35Cl (36Cl/35Cl)0 > 1.6 � 10�4* Stellar (AGB, massive stars, WR, ccSN), solar irradiation
26Al 0.74 26Mg 27Al (26Al/27Al)0 � 5 � 10�5 Stellar (AGB, massive stars, WR, ccSN), solar irradiation
7Beb 53 days 7Li 9Be (7Be/9Be)0 � 6 � 10�3 Solar irradiation
10Be 1.5 10B 9Be (10Be/9Be)0 � (0.5–1.2) � 10�3 Solar irradiation, trapped galactic cosmic rays
60Fe 1.5 60Ni 56Fe (60Fe/56Fe)0 � (0.5–1) � 10�6* Stellar (AGB, massive stars, SNIa)
53Mn 3.7 53Cr 55Mn (53Mn/55Mn)0 � 1 � 10�5* Stellar (massive stars, SNIa), solar irradiation
182Hf 9 182W 180Hf (182Hf/180Hf)0 � 1 � 10�4 Stellar (SN, NS)

Sources of data: Goswami et al. (2005) and references listed therein; see also text.
AGB = Asymptotic Giant Branch star; NS = neutron star; ccSN = core-collapse Supernova; SNIa = type Ia Supernova; WR = Wolf-Rayet
star.

a The tabulated values are based on analysis of CAIs or are extrapolated (indicated by ‘‘*”) to the time of CAI formation based on the
analyses of chondrules or bulk chondrites.

b Suggestive evidence for presence reported; needs confirmation.

Fig. 1. Schematic diagram showing how amorphous, presolar dust may have been thermally processed in the protoplanetary disk as a result
of shocks before accretion into chondritic and cometary planetesimals. Most matrix silicates in primitive chondrites are crystalline, magnesian
silicate and amorphous ferromagnesian silicate that condensed when dust aggregates were melted in the disk to form chondrules. Dust that
accreted at 2–3 AU into chondrite matrices contains traces of refractory dust (�10�5–10�4) that were dispersed from the inner edge of the disk
by disk winds and turbulence, and presolar, crystalline silicates and refractory oxides (�10�5) and presolar, amorphous silicates and oxides
(�10�6), which escaped thermal processing. Comets accreted dust at >10 AU containing traces of refractory nebular dust (�10�6–10�5) and
presolar, crystalline silicates and oxides (�0.1%). Debris from planetesimal collisions at the midplane became increasingly important at later
stages (from Scott and Krot (2005)).
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Fig. 2, disk accretion at a rate MD divides at inner disk ra-
dius Rx � 0.06 AU into a funnel flow onto a star and an x-
wind outflow. The inner edge of the disk undergoes periodic
radial excursions on a short timescale of �30 yr, perhaps in
response to protosolar magnetic cycles. Flares induced by
the stressing of magnetic fields threading both the star
and the inner edge of the fluctuating disk melt solids in
the transition zone between the base of the funnel flow
and the reconnection ring, and in the reconnection ring it-
self. Rocks that fall into the reconnection ring from the fun-
nel flow or that drift into it from the gaseous disk in the
reconnection ring are exposed to irradiation by the fast par-
ticles (1H, 4He, and 3He) accelerated in gradual and impul-
sive flares. CAIs formed in the gas-depleted reconnection
ring were fully exposed to solar irradiation; chondrules
formed contemporaneously with CAIs in the gaseous disk,
near the x-region, and were shielded from irradiation to
varying degrees. CAIs irradiated in the reconnection ring
during a period when Rx is relatively large (because the di-
pole magnetic moment, l*, of the star is strong or the disk
accretion rate, MD, is weak) can later be picked up and
launched in the x-wind together with chondrules when a
fluctuation (due to decrease in l* or increase in MD) causes
the base of the x-wind Rx to migrate to the region
previously occupied by such rocks. The magnetocentrifu-
gally-driven x-wind transported chondrules and CAIs to
1–20 AU, where they accreted with thermally unprocessed
matrix materials into chondritic and cometary bodies. Since
in the x-wind model most short-lived radionuclides, except
60Fe, formed by irradiation near the proto-Sun, they were
heterogeneously distributed in the protoplanetary disk,
and, as a result, cannot be used for chronology of CAI
and chondrule formation.

Several meteorite observations were interpreted as evi-
dence supporting the x-wind model and an irradiation ori-
gin of short-lived radionuclides or at least, as consistent
with them. These include (i) detection in CAIs of short-lived
radionuclides that are not made plentifully in stellar



Fig. 2. (a) the HH 111 jet and its source region as imaged by the Hubble Space Telescope in the optical and infrared (from Reipurth and
Bally, 2001). (b) A schematic drawing of x-wind model for the formation of chondrules and refractory inclusions and local origin of short-
lived radionuclides by irradiation in the early Solar System (from Shu et al. (2001)). According to this model, CAIs formed in the gas-depleted
reconnection ring and were exposed to solar energetic particle (1H, 4He, and 3He) irradiation that produced all short-lived radionuclides,
except 60Fe. Chondrules formed contemporaneously with CAIs in the gaseous disk, near the x-region, and were protected from this
irradiation to varying degrees. Both chondrules and CAIs were subsequently radially transported by x-wind to 1–20 AU where they accreted
with thermally unprocessed matrix materials.
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interiors: 10Be (McKeegan et al., 2000a), 36Cl (Lin et al.,
2005; Hsu et al., 2006), and 7Be (Chaussidon et al.,
2006a). Note that 7Be was only tentatively detected and still
requires confirmation (see below). (ii) The inferred initial
26Al/27Al ratios [(26Al/27Al)0] in CAIs are significantly high-
er than those in chondrules (e.g., MacPherson et al., 1995;
Kita et al., 2005), suggesting that, in contrast to CAIs,
chondrules may have been shielded by the gaseous disk
from solar energetic particle irradiation (Lee et al., 1998;
Shu et al., 2001). (iii) CAIs appear to have been unaffected
by chondrule-forming events, suggesting that they were ab-
sent from the chondrule-forming regions. (iv) CAI and
chondrule fragments were identified in comet 81P/Wild 2
nucleus samples (McKeegan et al., 2006; Brownlee et al.,
2006; Zolensky et al., 2006), as was predicted by Shu
et al. (1996, 2001). Note that several other mechanisms of
radial transport of solids in protoplanetary disks have been
proposed; these mechanisms can also explain the presence
of chondrule and CAI fragments in cometary samples
(e.g., Boss, 2004, 2006, 2007; Ciesla, 2007a,b).

Participants in two recent workshops on Kauai, Ha-
wai‘i—Chondrites and the Protoplanetary Disk in 2004
and Chronology of Meteorites and the Early Solar System

in 2007—attempted to test shock-wave models vs. x-wind
model of the origin of the chondritic components and irra-
diation vs. stellar origin of short-lived radionuclides using
chemical, mineralogical and isotopic observations of mete-
orites and interplanetary dust particles and astronomical
observations of active star-forming regions. Here we sum-
marize observations of chondritic meteorites discussed at
these meetings and some more recent observations, and
show how they can be used to test these competing models.

2. MAJOR CONSTRAINTS ON THE ORIGIN OF

CHONDRITIC COMPONENTS

In this section, we summarize major constraints on the
origin of refractory inclusions, chondrules and matrices in-
ferred from their textures, mineralogy, major and trace ele-
ment chemical compositions, isotopic compositions (except
short-lived radionuclides, which will be discussed in Section
3) and laboratory simulations. These constraints can be
used for testing the x-wind model and shock-wave models
of their formation.

2.1. Refractory inclusions

Mineralogical differences among CAIs + AOAs and
chondrules + matrices are best illustrated on a diagram of
mineral stability in a gas of solar composition at 10�3 bar
total pressure as a function of temperature (Fig. 3).
Although there is a weak pressure dependence of condensa-
tion temperature of minerals, which will affect the order in
which minerals condense in a parcel of cooling nebular gas
of solar composition, the variations in condensation se-
quence are generally minor at total pressure of 10�3–
10�6 bar (e.g., Yoneda and Grossman, 1995; Ebel and
Grossman, 2000; Petaev and Wood, 2005). CAIs and AOAs
consist of minerals stable above �1400 K; chondrules and
matrices consist of less refractory minerals.

CAIs are non-igneous (evaporative residues or gas-solid
condensates; Fig. 4a and b) or igneous (possibly melted
condensates; Fig. 5) objects composed of Ca,Al,Ti,Mg-oxi-
des and silicates. Both types of CAIs are typically sur-
rounded by single- or multilayered rims (called Wark–
Lovering rims; Wark and Lovering, 1977), which resulted
from high-temperature, gas–solid or gas–melt interaction
in the solar nebula (Wark and Boynton, 2001; MacPherson
et al., 2005). Some CAIs surrounded by the Wark–Lovering
rims are in addition surrounded by forsterite-rich accretion-
ary rims (Fig. 6). The forsterite-rich accretionary rims are
texturally and mineralogically similar to AOAs (Krot
et al., 2001a, 2004a), suggesting a close genetic relationship
between CAIs and AOAs. AOAs are aggregates of mostly
forsterite and Fe,Ni-metal, with small enclosed spinel–diop-
side–anorthite CAIs (Fig. 4c and d; Krot et al., 2004a and
references therein). AOAs appear to have avoided signifi-
cant melting after aggregation.



Fig. 3. Equilibrium diagram for a solar nebula at 10�3 bar total pressure showing mineral stability above 900 K (Davis and Richter, 2003).
Minerals stable above �1350 K are present in refractory inclusions; minerals stable below 1350 K are found mostly in chondrules and
primitive chondrite matrices.

Fig. 4. Backscattered electron (BSE) images (a, b, and d) and combined elemental map in Mg (red), Ca (green) and Al Ka (blue) X-rays
showing refractory inclusions which appear to have escaped melting. (a) CAI from Murchison (CM2) consists of corundum, hibonite, and
perovskite, which appear to have condensed in the solar nebula above 1650 K (Fig. 3). (b) Fine-grained CAI Efremovka (CV3) consists of
concentrically-zoned bodies of spinel, perovskite, melilite, and diopside. (c and d) AOAs from Efremovka (c) and ungrouped carbonaceous
chondrite Acfer 094 (d). The AOAs consist of diopside, anorthite and individual CAIs enclosed by forsterite with occasional grains of Fe,
Ni-metal Fe,Ni. Forsterite is replaced by low-Ca pyroxene as a result of reaction with SiO gas below 1350 K (Fig. 3). an = anorthite;
cor = corundum; di = diopside; fo = forsterite; hib = hibonite; mel = melilite; met = Fe,Ni-metal; pv = perovskite; px = low-Ca pyroxene;
sp = spinel. ‘‘a” from Simon et al. (2002), ‘‘b–d” from Krot et al. (2004a,b). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this paper.)
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Fig. 5. Combined elemental maps in Mg (red), Ca (green) and Al Ka (blue) X-rays (a–c) and elemental map in Mg Ka (d) of igneous [Type B,
compact Type A (CTA), and forsterite-bearing Type B (Fo-B)] CAIs from Efremovka (CV3). CAIs E36 and E64 are surrounded by melilite-
rich mantles, which appear to have resulted from volatilization during melt crystallization. an = anorthite; di = diopside; fo = forsterite;
mel = melilite; sp = spinel. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
paper.)

Fig. 6. Combined elemental maps in Mg (red), Ca (green) and Al Ka (blue) X-rays (a–c) and elemental map in Mg Ka (d) of a fine-grained,
spinel-rich CAI (a) and a coarse-grained, Type B CAI (b) from CV chondrites Leoville and Efremovka. Both CAIs are surrounded by
forsterite-rich accretionary rims (AR), which are texturally and mineralogically similar to AOAs (Fig. 4c and d). ‘‘a” from Krot et al. (2004a);
‘‘b” from Krot et al. (2004b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
paper.)
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Many CAIs preserve nucleosynthetic isotopic anomalies
in Ca, Ti, Si, Cr, Ni and other elements, possibly indicating
incomplete isotopic homogenization in the solar nebula
(e.g., Lee, 1988). CAI pyroxenes (Al,Ti-diopside) have high
Ti3+/Ti4+ ratios (Simon et al., 2007), suggesting formation
under approximately solar redox conditions (H2O/H2 ratio
of �5 � 10�4). Most CAIs have volatility fractionated rare
earth element (REE: La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, Lu) patterns, indicative of evapora-
tion–condensation processes (e.g., MacPherson et al.,
1988; Ireland and Fegley, 2000). Igneous CAIs show chem-
ical (depletion in Mg and Si of CAI mantles; Fig. 5a, c, and
d) and isotopic (mass-dependent fractionation of Mg, Si,
and O of bulk CAIs) evidence for melt evaporation (Gross-
man et al., 2002; Davis et al., 2005a and references therein;
Richter et al., 2006; Shahar and Young, 2007; Simon and
Young, 2007; MacPherson et al., 2008; Krot et al., 2008a).

The majority of CAIs and AOAs from primitive
(unmetamorphosed) chondrites (CO3.0, CR2, CH3.0)
Fig. 7. Oxygen–isotope compositions of individual minerals in CAIs and
d17O vs. d18O. In ‘‘b” and ‘‘d”, the same data are plotted as deviation
represents data for a single CAI or a chondrule. Error bars in ‘‘a” and
Carbonaceous chondrite anhydrous mineral (CCAM) line is shown fo
Chondrule–CAI compound objects are isotopically heterogeneous and
effects, similar to those observed in FUN (Fractionation and Unidentified
to CAIs. Aluminum-rich chondrules with relict CAIs are 16O-enriched com
II) chondrules. an = anorthite; hpx = high-Ca pyroxene; grs = grossit
lpx = low-Ca pyroxene; sp = spinel. Data for CAIs are from Makide e
Connolly et al. (2003).
are uniformly (within an individual inclusion) 16O-rich
(D17O � �24±2&) (Fig. 7a and b; Itoh et al., 2004;
Makide et al., 2009; Krot et al., 2008b). In these meteor-
ites, only rare, igneous CAIs, typically associated with
chondrule materials, are 16O-depleted (Fig. 7a and b;
see below). Note that most CAIs in metamorphosed
CV and CO chondrites show oxygen–isotope heterogene-
ity, with spinel and Al,Ti-diopside 16O-enriched and
melilite and anorthite 16O-depleted (e.g., Clayton, 1993;
Itoh et al., 2004). The nature of this isotope heterogene-
ity remains controversial; several mechanisms have been
proposed: (i) gas–melt exchange during partial or dis-
equilibrium melting in the solar nebula, (ii) gas–solid ex-
change during transient heating events in the solar
nebula, and (iii) exchange during fluid-assisted thermal
metamorphism (Clayton, 1993; Ryerson and McKeegan,
1994; Wasson et al., 2001; Fagan et al., 2004; Yurimoto
et al., 2007; Nagashima et al., 2007a; Krot et al.,
2008a,b,c).
chondrules in CR chondrites. In ‘‘a” and ‘‘c”, data are plotted as
from the terrestrial fractionation line (TFL), D17O; each column
‘‘c” are not shown for clarity; error bars in ‘‘b” and ‘‘d” are 2r.
r reference. Most CAIs are uniformly 16O-rich (D17O < �20&).

16O-depleted. Two CAIs show large mass-dependent fractionation
Nuclear anomalies) inclusions. Chondrules are 16O-depleted relative

pared to those without relict CAIs and ferromagnesian (type I and
e; hib = hibonite; mel = melilite; mes = mesostasis; ol = olivine;

t al. (2009); data for chondrules are from Aléon et al. (2002) and
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The mineralogical, chemical and isotopic observations
summarized above suggest that CAIs formed by evapora-
tion–condensation processes in high-temperature nebular
region(s) (at or above condensation temperature of forste-
rite, >1400 K), under variable, but generally low total pres-
sure (<10�4 bar), in the presence of 16O-rich gas, and in
reduced environment (Grossman et al., 2000, 2002, 2008;
Petaev and Wood, 2005 and references therein). Some CAIs
were subsequently melted and behaved as open systems for
cumulative timescale of days to weeks (Young et al., 2005;
Richter et al., 2006; Shahar and Young, 2007; Simon et al.,
2007). Note that formation of CAIs under reduced condi-
tions is inconsistent with the original x-wind model (Shu
et al., 1996, 2001) that hypothesizes formation of CAIs in
a dust-rich, hydrogen-depleted (i.e., highly-oxidized) nebu-
Fig. 8. BSE images of chondrule with different textures and compositions
magnesian olivine and low-Ca pyroxene, glassy mesostasis, and Fe,Ni-m
ferrous olivine, fine-grained mesostasis, chromite, and troilite. (c) Ferrou
chondrule composed of lath-shaped anorthite, low-Ca pyroxene, olivine
skeletal chondrule. (f) Magnesian cryptocrystalline chondrule. Chondru
chondrule precursors (Hewins, 1997), are dominant in all chondrite group
are dominant only in metal-rich (CB and CH) carbonaceous chondr
Ni-metal; ol = olivine; px = low-Ca pyroxene; sf = Fe-sulfide; sp = spine
lar region, reconnection ring (Desch, 2007), unless dust was
highly enriched in carbon (Cuzzi et al., 2005).

2.2. Chondrules

Chondrules are igneous, spherical objects, �0.01–10 mm
in size, composed of ferromagnesian olivine and pyroxene,
Fe,Ni-metal, sulfides, and glassy or microcrystalline meso-
stasis. Chondrules show significant variations in textures,
sizes and mineralogy (Fig. 8). Ferromagnesian chondrules
with porphyritic textures [magnesian, type I (Fig. 8a) and
ferrous, type II (Fig. 8b)], indicative of incomplete melting
of chondrule precursors (Hewins, 1997), are dominant in
most chondrite groups. In contrast, in the metal-rich (CB
and CH) carbonaceous chondrites, magnesian chondrules
. (a) Magnesian porphyritic-olivine (type I) chondrule composed of
etal. (b) Ferrous porphyritic-olivine chondrule (type II) made of
s radial-pyroxene chondrule. (d) Aluminous porphyritic-pyroxene
, spinel, Fe,Ni-metal, and fine-grained mesostasis. (e) Magnesian
les with porphyritic textures, indicative of incomplete melting of

s. Magnesian chondrules with cryptocrystalline and skeletal textures
ites. an = anorthite; chr = chromite; mes = mesostasis; met = Fe,
l.



Fig. 9. BSE images of chondrules with relict grains (a–c) and igneous rims (d), indicative of multiplicity of chondrule-forming events. (a) Type
II chondrule with relict grains of magnesian olivine. (b) Type I chondrule with relict ‘‘dusty” olivines containing numerous inclusions of Ni-
poor metal, indicating in situ reduction of relict ferrous olivine. (c) Type II chondrule with a relict CAI and a relict magnesian olivine. (d) Type
I chondrules surrounded by coarse-grained igneous rims (courtesy of K. Nagashima).

Origin and chronology of chondritic components 4971
with non-porphyritic (cryptocrystalline and skeletal) tex-
tures (Fig. 8e and f) are the most abundant (Krot et al.,
2002a). Some chondrules show evidence for multistage
melting, including relict fragments of chondrules of earlier
generations (Fig. 9a–c), coarse-grained igneous rims around
chondrules (Fig. 9d), and independent compound chond-
rules (Wasson et al., 1994).

It has been recently shown that the abundance of the
volatile element sodium remained relatively constant during
chondrule formation (Alexander et al., 2008). Prevention of
the evaporation of sodium may require that chondrules
formed in regions with high dust/gas ratios (Alexander
et al., 2008). Alternatively, chondrules may have experi-
enced very fast melting and crystallization, which prevented
evaporation of sodium (e.g., Yurimoto and Wasson, 2002).

Based on the bulk chemical compositions of type I
chondrules, the chemical compositions of their glasses,
and mineralogical observations [presence of low-Ca pyrox-
ene shells around olivine-rich cores (Fig. 8a) and chemical
zoning of chondrule mesostasis], Libourel et al. (2006) con-
cluded that type I chondrules experienced open-system
behavior during melting and crystallization with some ele-
ments condensing into chondrule melts. For example, on
the CMAS (CaO–MgO–Al2O3–SiO2) phase diagram, bulk
chemical compositions of type I chondrules are inside the
liquidus fields of olivine and low-Ca pyroxene (Fig. 10). It
is expected that crystallization of olivine and pyroxene from
melts of such compositions will result in melt evolution
along lines of descent. In contrast, glass compositions of
type I chondrules define a single, almost linear, composi-
tional trend towards the SiO2 corner of the CMAS dia-
gram, suggesting that chondrule melts did not evolve by
closed-system crystallization, but experienced interaction
with silicon-rich nebular gas. Oxygen–isotope disequlibri-
um between olivine and low-Ca pyroxene grains + glassy
mesostasis in type I chondrules from CV and CR chon-
drites reported by Chaussidon et al. (2008) appears to sup-
port this conclusion. However, no differences between the
oxygen–isotope compositions of low-Ca pyroxene and oliv-
ine (except relict grains) in individual type I chondrules
from several primitive (petrologic type <3.2) ordinary chon-
drites have been observed by Kita et al. (2006, 2008), who
interpreted these observations as evidence against gas–melt
exchange during chondrule formation. More work is
needed to resolve this issue.

Most chondrules are 16O-depleted (D17O > �10&) rela-
tive to CAIs and AOAs (Fig. 7c and d; Krot et al., 2006);
show no resolvable (<1&/amu) mass-dependent isotope
fractionation effects (Davis et al., 2005a and references
therein), and have small/if any nucleosynthetic anomalies
(e.g., Niemeyer, 1988).

It is inferred that chondrules formed in isotopically dis-
tinct regions, at lower ambient temperature (<1000 K), un-
der more oxidizing conditions, and at higher total pressure
and/or dust/gas ratio than CAIs and AOAs (e.g., Scott and
Krot, 2005; Jones et al., 2005; Alexander, 2005; Alexander



Fig. 10. Open-system behavior of chondrule melts as indicated by
glass compositions (in wt%) of melt inclusions in olivine (yellow
dots) and glassy mesostases of chondrules (blue dots) in type I
chondrules from Semarkona (LL3.0) and CR chondrites plotted on
a CaO–MgO–Al2O3–SiO2 phase diagram. Yellow, blue and reddish
regions represent the computed stability fields of forsterite, low-Ca
pyroxene polymorphs (protoenstatite, orthoenstatite, pigeonite),
and hibonite, respectively. Data for bulk compositions of type I
chondrules from Semarkona (red balls) are from Jones and Scott
(1989) and Jones (1994). Red lines correspond to equilibrium liquid
lines of descent calculated from two representative chondrule bulk
compositions using the MAGPOX code (Longhi, 1991). Chondrule
glasses do not follow lines of descent, but define a linear trend
towards SiO2, suggesting that chondrule melts did not evolve by
closed-system crystallization, but experienced interaction with SiO
nebular gas (from Libourel et al., 2006). (For interpretation of the
references to color in this figure legend, the reader is referred to the
web version of this paper.)

Fig. 11. Whole-rock oxygen–isotope compositions of chondrites
(a) and bulk chondrules (b) (data from Clayton and Mayeda, 1999;
Ash et al., 1999; Jabeen et al., 1999; Jones et al., 2004). Chondrule
compositions are similar to those of their host meteorites. Because
chondrules and matrices are the major chondritic components
comprising up to 99.5 vol% of a chondrite, these observations
suggest that chondrules and matrices have also similar oxygen–
isotope compositions.
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et al., 2008). Chondrules formed by melting of chondrule
precursors—aggregates of fine-grained matrix-like material
and coarse-grained components including fragments of
CAIs, AOAs and chondrules of earlier generations. Chon-
drule precursors were heated at 104–106 K/h (Tachibana
and Huss, 2005), reached peak temperatures of 1650–
1850 K, and cooled at 100–1000 K/h (Desch and Connolly,
2002). Mass-dependent isotope fractionation in chondrules
could have been erased if vaporized gas back reacted with
chondrule melt, which requires high number density of
chondrules (>10 m�3) (Galy et al., 2000; Cuzzi and Alexan-
der, 2006).

2.3. Matrices

Matrices of primitive chondrites (e.g., Acfer 094,
ALHA77307) largely consist of sub-micron crystalline mag-
nesian olivine and pyroxene, Fe,Ni-metal, sulfides, oxides,
and amorphous ferromagnesian silicate (Brearley and
Jones, 1998). The similarity of the oxygen–isotope compo-
sitions of primitive chondrite chondrules and matrices
(Fig. 11; Clayton and Mayeda, 1999), the apparent comple-
mentarity of chemical compositions of chondrules and ma-
trix materials in an individual chondrite (Palme and
Klerner, 2000; Bland et al., 2005), high abundance of crys-
talline silicates in primitive chondrite matrices, and high
cooling rates of matrix pyroxenes inferred from their micro-
structures, all suggest that a significant fraction of matrix
materials was thermally processed during the transient
heating events that formed host chondrite chondrules
(Scott and Krot, 2005; Nuth et al., 2005; Wasson, 2008).
These observations are generally consistent with the
shock-wave model of chondrule formation (Desch et al.,
2005), but inconsistent with x-wind model, which suggests
that matrix escaped thermal processing during chondrule
formation (Shu et al., 1996, 2001).

2.4. Chondrite groups

Based on the bulk chemical and oxygen–isotope
(Fig. 11) compositions, mineralogy, and petrography
(Table 2 and Fig. 12), chondrites are divided into 15



Table 2
Abundances of chondritic components in the chondrite groups.

Class,
Group

Refr.
incls.
(vol%)

Chd.
(vol%)*

Chd. avr.
diam. (mm)

Fe, Ni
metal
(vol%)

Matrix
(vol%)a

Carbonaceous

CI <0.01 <5 — <0.01 95
CM 5 20 0.3 0.1 70
CO 13 40 0.15 1–5 30
CV 10 45 1.0 0–5 40
CK 4 15 0.8 <0.01 75
CR 0.5 50–60 0.7 5–8 30–50
CH 0.1 �70 0.05 20 5
CBa <0.1 40 �5 60 <5
CBb <0.1 30 �0.5 70 <5

Ordinary

H 0.01–0.2 60–80 0.3 8 10–15
L <0.1 60–80 0.5 3 10–15
LL <0.1 60–80 0.6 1.5 10–15

Enstatite

EH <0.1 60–80 0.2 8 <0.1–
10

EL <0.1 60–80 0.6 15 <0.1–
10

Other
K <0.1 20–30 0.6 6–9 70
R <0.1 >40 0.4 <0.1 35

Sources of data: Scott and Krot (2003) and references listed therein.
* Includes chondrule fragments and silicates inferred to be

fragments of chondrules.
a Includes matrix-rich lithic fragments, which account for all the

matrix in CH and CB chondrites. CBa and CBb are subgroups of
CB chondrites.
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groups—carbonaceous: CI (Ivuna-like), CM (Murchison-
like), CR (Renazzo-like), CO (Ornans-like), CV (Vigar-
ano-like), CK (Karoonda-like), CB (Bencubbin-like), CH
(high-metal); ordinary: H, L and LL; enstatite: EH and
EL; and others: R (Rumuruti-like) and K (Kakangari-like).
Each group may represent just one or a few asteroids. There
are significant differences in sizes, chemical and textural
types of chondrules and chondrule/matrix ratios between
different chondrite groups (Table 2 and Fig. 12). These dif-
ferences and the inferred genetic relationship of chondrules
and matrix materials in a chondrite group may require the
localized formation of these chondritic components fol-
lowed by fast accretion into chondrite parent bodies (Alex-
ander, 2005; Scott and Krot, 2005; Alexander et al., 2008).
This conclusion is reinforced by astronomical observations
(e.g., Watson, 2007) and theoretical modeling, suggesting
that radial mixing of solids in protoplanetary disks is a very
fast (<<1 Myr) process (Haghighipour and Boss, 2003a,b;
Boss, 2004, 2006, 2007, 2008; Ciesla, 2007a,b), and that
gravitational instability in locally overdense regions in the
midplane of the disk may have played important role in
the formation of chondrite planetesimals (Johansen et al.,
2007; Alexander et al., 2008).

Although there are also some differences in sizes and
mineralogy of CAIs among chondrite groups, one type of
CAIs, rich in spinel and pyroxene, dominates in all chon-
drite groups, except CH chondrites (Krot et al., 2002a
and references therein; Lin et al., 2006). These observations
can be reconciled with the formation of CAIs in a localized
nebular region, possibly near the proto-Sun, followed by
outward radial transport in the protoplanetary disk to the
accretionary regions of chondrites and comets (Shu et al.,
1996, 1997, 2001; Boss, 2004, 2006, 2007; Ciesla, 2007a, b).
3. ABSOLUTE AND RELATIVE CHRONOLOGIES OF

CAI AND CHONDRULE FORMATION

3.1. Absolute (207Pb–206Pb) chronology of CAI and

chondrule formation

A resolved age difference of a coarse-grained igneous
(Type B) CAI from the CV chondrite Efremovka (E49,
4567.17 ± 0.70 Myr) and a set of chondrules from the CR
chondrite Acfer 059 (4564.66 ± 0.63 Myr) was first re-
ported by Amelin et al. (2002; Fig. 13a). Subsequently,
Amelin et al. (2006) obtained more precise age
(4567.11 ± 0.16 Myr) for another Type B CAI from Efre-
movka, E60. Although this age difference is generally con-
sistent with that inferred from the initial 26Al/27Al ratios
[(26Al/27Al)0] of the CV CAIs (�5 � 10�5, Amelin et al.,
2002) and CR chondrules (<5 � 10�6, Marhas et al.,
2000; Nagashima et al., 2007b, 2008), it could not be used
for testing an assumption of the x-wind model that CAIs
and chondrules in a chondrite group formed contempora-
neously, because the measured CAIs and chondrules are
from different chondrite groups.

Because CAIs in most chondrite groups are significantly
smaller than those in CV chondrites (Fig. 12), all attempts
to measure absolute ages of chondrules and CAIs from the
same chondrite group were focused on CV chondrites
(Chen and Tilton, 1976; Tatsumoto et al., 1976; Amelin
and Krot, 2007; Connelly et al., 2008). A resolved age dif-
ference (1.66 ± 0.48 Myr) of 207Pb–206Pb ages of Efremov-
ka CAIs and Allende (also CV) chondrules
(4565.45 ± 0.45 Myr) has been reported by Connelly et al.
(2008) (Fig. 13b); all previous attempts were unsuccessful.
This result contradicts the x-wind hypothesis of contempo-
raneous formation of chondrules and CAIs from a single
chondrite group. The absolute ages of the CV CAIs and
chondrules should be considered cautiously, because all
CV chondrites are thermally metamorphosed and altered
to varying degrees (Krot et al., 1998; Bonal et al., 2006).

Taking into account published 207Pb–206Pb ages of
chondrules from CV (4565.45 ± 0.45 Myr; Connelly et al.,
2008), CR (4564.66 ± 0.63 Myr; Amelin et al., 2002) and
CB chondrites (4562.7 ± 0.6 Myr; Krot et al., 2005a), we
infer that CAIs formed first; chondrule formation started
�1 Myr later and lasted for 3–4 Myr (Table 3). Note that
high-precision 207Pb–206Pb ages of sets of chondrules have
been reported only for 3 out of 14 known chondrite groups
and no absolute ages of individual chondrules have been
measured yet. More work is needed to understand the total
duration of chondrule formation.

The inferred duration of chondrule formation can be
used as a lower limit on the life-time of the protoplanetary
disk (Russell et al., 2006). Krot et al. (2005a) proposed that
chondrules in CB chondrites formed by collision between



Fig. 12. Combined elemental map in Mg (red), Ca (green) and Al Ka (blue) X-rays of the CR chondrite PCA 91082 (a), CV chondrite
Efremovka (b), CM chondrite Murchison (c), and ungrouped carbonaceous chondrite Acfer 094 (d). The meteorites consist of chondrules
(chd), refractory inclusions (CAIs and AOAs), and fine-grained interchondrule matrix material (mx). There are significant variations in
chondrule/matrix ratio and sizes and textural types of chondrules (Table 2). These characteristics are used as primary classification parameters
of chondrite groups (e.g., Krot et al., 2003). Each chondrite group may represent just one or a few asteroids. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this paper.)
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planetary embryos after dissipation of dust in the proto-
planetary disk. If this is the case, use of the CB chondrule
ages for constraining life-time of the protoplanetary disk
may be problematic (see discussion in Section 3.7).

Although an absolute average age of CV CAIs is com-
monly used as the start of the Solar System formation, there
is a disagreement on the exact value of this age, which ranges
from�4567 to�4570 Myr (e.g., Lugmair and Shukolyukov,
1998; Amelin et al., 2002, 2006; Zinner and Göpel, 2002;
Burkhardt et al., 2007; Bouvier et al., 2007, 2008; Jacobsen
et al., 2008a,b). For example, by combining several fractions
of Allende and Efremovka CAIs, an estimate of the CV CAI
formation age of 4568.5 ± 0.5 Myr was obtained by Bouvier
et al. (2007); an absolute age of an Allende CAI reported by
Bouvier et al. (2008) is 4567.59 ± 0.10 Myr.

3.2. Relative chronology of CAI and chondrule formation

3.2.1. Constraints from mineralogical observations and bulk

chemical compositions of CAIs and chondrules

The presence of CAIs in the chondrule-forming regions
among chondrule precursors, and, hence, formation of at
least some CAIs prior to chondrules, is inferred from petro-
graphic observations: (i) relict CAIs inside chondrules
(Figs. 9c and 14), (ii) CAIs surrounded by ferromagnesian
silicate, chondrule-like, igneous rims (Fig. EA1a and b),
and (iii) igneous CAIs with ferromagnesian silicate, chon-
drule-like material in their peripheries (Fig. EA1c and d).
In addition, some chondrules have CAI-like volatility-frac-
tionated REE patterns, such as Group II and ultrarefracto-
ry, suggesting that these chondrules formed by melting of
the CAI-like precursors (Rubin and Wasson, 1987; Kring
and Boynton, 1990; Misawa and Nakamura, 1996; Pack
et al., 2004; Jones and Norman, 2008).

Based on the mineralogical and isotopic studies of the
CAI–chondrule compound objects, it was inferred that dur-
ing remelting these CAIs experienced oxygen–isotope ex-
change and partial or complete resetting of 26Al–26Mg
systematics (Russell et al., 2005 and references therein; Krot
et al., 2005b,c). By a process of elimination, some igneous
CAIs that were melted during chondrule formation without
mixing with chondrule precursors can be identified based
on their oxygen– and Al–Mg isotope systematics. For
example, a Type C CAI from El Djouf 001 (CR) remelted



Table 3
Absolute (207Pb–206Pb) ages of CAIs and chondrules.

Object, chondrite (group and petrologic type) Age (Myr) Reference

CAI E49, Efremovka (CV3.1–3.4) 4567.17 ± 0.70 Amelin et al. (2002)
CAI E60, Efremovka 4567.4 ± 1.1 Amelin et al. (2002)
CAI E60, Efremovka 4567.11 ± 0.16 Amelin et al. (2006)
CAIs, Allende (CV > 3.6) and Efremovka 4568.5 ± 0.5 Bouvier et al. (2007)
CAI, Allende 4567.59 ± 0.10 Bouvier et al. (2008)
CAI AJEF, Allende 4567.60 ± 0.36 Jacobsen et al. (2008a)

chondrules, Allende 4565.45 ± 0.45 Connelly et al. (2008)
chondrules, Acfer 059 (CR2) 4564.66 ± 0.63 Amelin et al. (2002)
chondrules, Gujba (CBa3) 4562.7 ± 0.5 Krot et al. (2005a)
chondrules, Hammadah al Hamra 237 (CBb3) 4562.8 ± 0.9 Krot et al. (2005a)

Fig. 13. Pb–Pb isochrons for the six most radiogenic Pb isotopic analyses of acid-washed chondrules from Acfer 059 (CR), for acid-washed
fractions from the Efremovka (CV) CAIs E49 and E60 (a) and Allende (CV) chondrules (b) (from Amelin et al., 2002 and Connelly et al.,
2008). 207Pb/206Pb ratios are not corrected for initial common Pb. Error ellipses are 2r. Isochron age errors are 95% confidence intervals.
MSWD = mean square of weighted deviations. There are resolvable age differences between CV CAIs, CV chondrules and CR chondrules,
consistent with those inferred from their 26Al–26Mg systematics.
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Fig. 14. BSE images of porphyritic chondrules with relict CAIs from the CH chondrite Acfer 214 and CH/CB-like chondrite Isheyevo (from
Krot et al., 2007b). The relict CAIs are mineralogically and isotopically similar to those outside chondrules of the host meteorites.
an = anorthitic plagioclase; cpx = high-Ca pyroxene; grs = grossite; hib = hibonite; mel = melilite; mes = plagioclase-rich mesostasis;
met = Fe,Ni-metal; ol = olivine; pv = perovskite; px = low-Ca pyroxene; sil = silica; sp = spinel.
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during chondrule formation (Fig. EA2) shows evidence for
isotope exchange with an 16O-poor nebular gas (D17O
ranges from �18& in spinel to �10& in Al,Ti-diopside,
melilite and anorthite) and has low initial 26Al/27Al ratio
[(1.4 ± 0.9) � 10�6], similar to those in CR chondrules
(Aléon et al., 2002; Nagashima et al., 2007b).

CAIs that melted during chondrule formation and those
apparently unaffected by chondrule melting are mineralog-
ically similar. For example, the most common type of free-
standing CAI (spinel–pyroxene-rich; see above) is also the
most common type type of relict CAI found inside carbona-
ceous chondrite chondrules1 (Krot and Keil, 2002; Krot
et al., 2002b). In addition, there are striking similarities be-
tween CAIs melted during chondrule formation and CAIs
unaffected by chondrule melting in an individual chondrite
group. For example, (i) CAIs in CH chondrites are domi-
nated by mineralogically and isotopically rare types of
inclusions: grossite- and hibonite-rich spherules character-
ized by low initial 26Al/27Al ratios (<1 � 10�5) and 16O-rich
(D17O < �20&) compositions (Krot et al., 2008a). Mineral-
ogically and isotopically very similar CAIs are found inside
porphyritic chondrules in CH chondrites (Fig. 14). (ii)
Coarse-grained igneous CAIs (Type B and Type C) are al-
most exclusively found in CV chondrites (MacPherson
et al., 1988). Some of these CAIs were remelted during
1 Because CAIs in ordinary and enstatite chondrites are very rare,
it is difficult to identify CAI-chondrule compound objects in these
chondrite groups.
chondrule formation (e.g., Fig. EA1). Based on these obser-
vations, we infer that the CAIs found in a specific carbona-
ceous chondrite group were present in a region where
chondrules of this chondrite group formed, but many of
these CAIs were apparently unaffected by chondrule melt-
ing events. We suggest that chondrule-forming events expe-
rienced by a nebular region were relatively small in scale
and limited in number. Alternatively, it was proposed that
accretion of CAIs in intermediate-sized (hundred of meters
to kilometers) objects could help to preserve them from
being melted during chondrule formation (e.g., Russell
et al., 1996; Huss et al., 2001; Hutcheon et al., 2009). Note,
however, that no fragments of such hypothetical bodies
have been in chondrites so far. In addition, it would require
release of some CAIs from these hypothetical bodies to be
reprocessed during chondrule melting.

To put a lower limit on a fraction of CAIs affected by
chondrule melting (some CAIs could have been completely
destroyed during chondrule formation), systematic studies
of mineralogy, petrography, oxygen– and magnesium–iso-
tope compositions of CAIs from primitive chondrites are
required. For example, based on a very comprehensive
study of CAIs from 15 CR chondrites, Makide et al.
(2009) showed that at least 8 of 166 CAIs (�5%) identified
experienced late-stage melting during chondrule formation.

Note that the presence of CAIs in the chondrule-form-
ing regions is not inconsistent with an x-wind astrophysical
setting for CAI and chondrule formation (Fig. 2), because
some CAIs could have been recycled in the protoplanetary
disk, near x-region, at the time of low magnetic activity of



Fig. 15. (a) 26Al–26Mg isochron diagram of ‘‘bulk” CV CAIs
(sampled by microdrilling) obtained by MC-ICPMS. Error bars are
2r. MSWD = mean square weighted deviation. The data plot
along a slope corresponding to (26Al/27Al)0 of (5.85 ± 0.05) � 10�5

with an intercept of �0.0317 ± 0.0038&. The intercept is inter-
preted as the initial Mg isotope composition at the time of CAI
formation. (b) The d26Mg* values for samples from terrestrial
planets and chondrite parent bodies. Error bars are 2r for
individual samples, and 2r for the mean Earth and CAI initial
d26Mg*. Data are from Bizzarro et al. (2004, 2005), Baker et al.
(2005) and Thrane et al. (2006).
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the Sun or low disk accretion rate. However, according to
the x-wind model, remelting of chondrules in the CAI-
forming region should be also expected; no such chondrules
have been unambiguously identified yet.2

We conclude that mineralogical observations and chem-
ical and oxygen–isotope data support formation of CAIs
prior to chondrule formation, which is inconsistent with
the x-wind model.

3.2.2. 26Al–26Mg systematics of refractory inclusions and

chondrules

The use of 26Al (t1/2 = 0.73 Myr) as a high-resolution
chronometer [specifically, inferred (26Al/27Al)0] for dating
CAI and chondrule formation requires the assumption of
a uniform distribution of 26Al throughout the inner solar
nebula, where CAIs and chondrules probably formed
(MacPherson et al., 1995). Cross-calibration of 26Al–26Mg
and 207Pb–206Pb chronometers (Amelin et al., 2002; Zinner
and Göpel, 2002; Jacobsen et al., 2008a,b; Connelly et al.,
2008), and high-precision magnesium–isotope measure-
ments of bulk chondrites, Earth, Moon and Mars (Thrane
et al., 2006), have validated this assumption and thus con-
firmed the chronological significance of 26Al–26Mg system-
atics (Fig. 15).

Before we discuss 26Al–26Mg chronology of CAIs and
chondrules, we need to define the term ‘‘CAI-formation”

used in the paper. There is almost no ambiguity in classify-
ing an object as a CAI or a chondrule (Al-diopside ± spi-
nel ± hibonite spherules could be an exception) based on
its mineralogy and/or bulk chemical compositions (see Sec-
tion 2). However, some igneous CAIs experienced melting
during chondrule formation; these CAIs can be recognized
based on textures, mineralogy, and/or oxygen–isotope com-
positions (Figs. 14 and EA1 and 2). Although these objects
are true CAIs, they should not be used for constraining the
duration of CAI formation, because their 26Al–26Mg sys-
tematics could have been reset during chondrule melting.

Note also that oxygen– and Al–Mg isotope systematics
of CAIs from many CV chondrites may have been dis-
turbed during fluid-assisted thermal metamorphism and
their use for chronological interpretation should be consid-
ered cautiously.

3.2.2.1. 26Al–26Mg systematics of CAIs and AOAs. There is
converging agreement on the Solar System initial 26Al/27Al
ratio inferred from recent magnesium–isotope measure-
ments of CAIs (e.g., Baker, 2007; Kita et al., 2007; Jacobsen
et al., 2008a) (Table 4 and Fig. 16). Most CAIs and a few
AOAs analyzed so far using SIMS (minerals with high
27Al/24Mg ratios—anorthite, hibonite, and gehlenitic meli-
lite—are commonly measured) define (26Al/27Al)0 of
�(4.5–5) � 10�5, referred to as the ‘‘canonical” value (Mac-
Pherson et al., 1995; Weisberg et al., 2007). Higher values
2 The only controversial CAI-chondrule compound object, A5
from Y-81020 (CO3.0), interpreted as a mixture of CAI and
chondrule materials remelted in the CAI-forming region (Itoh and
Yurimoto, 2003), is shown in Figure EA3. An explanation for the
origin of this object is discussed by Russell et al. (2005) and
summarized in caption to the Figure EA3.
called the ‘‘supra-canonical” that range from 5.85 � 10�5

to 7 � 10�5 have recently been advocated (Galy et al.,
2004; Bizzarro et al., 2004, 2005; Young et al., 2005; Taylor
et al., 2005; Thrane et al., 2006; Cosarinsky et al., 2007).

The supra-canonical 26Al/27Al ratios are obtained lar-
gely from bulk-sample magnesium–isotope measurements
of CV CAIs using MC-ICPMS (Galy et al., 2004; Bizzarro
et al., 2004, 2005; Thrane et al., 2006) or from MC-SIMS
and LA-MC-ICPMS measurements of CV CAI minerals
with low 27Al/24Mg ratios (<3), mainly spinel and Al,



Table 4
Initial 26Al/27Al ratios in CAIs and chondrules inferred from recent (since 2000) high-precision magnesium-isotope measurements.

Object, chondrite (group and petrologic type) Analytical technique (26Al/27Al)0 Reference

11 CAIs, Allende (CV > 3.6),
Vigarano (CV3.1–3.4),
SAH 98044 (CV), NWA 779 (CV)

MC-ICPMS (5.85 ± 0.05) � 10�5 Thrane et al. (2006)

7 CAIs, Allende, Efremovka & Leoville
(CV3.1–3.4), Grosnaja (CV3.6)

LA-MC-ICPMS <4–7 � 10�5 Young et al. (2005)

9 CAIs, Allende MC-ICPMS, bulk sample
isochron

(5.23 ± 0.13) � 10�5 Jacobsen et al. (2008a)

CAI AJEF, Allende Mineral separates, internal (4.96 ± 0.25) � 10�5

CAI A44A, Allende Isochrons (5.03 ± 0.18) � 10�5

CAI A43, Allende –‘‘– (4.47 ± 0.42) � 10�5

3 Texturally distinct regions in SIMS, internal isochrons �5 � 10�5 Hsu et al. (2000)
a CAI, Allende (4.3 ± 0.1) � 10�5

(3.3 ± 0.8) � 10�5

12 CAIs, Leoville, SIMS, model & internal 3.8 � 10�5 to 6.1 � 10�5 Cosarinsky et al. (2007)
Efremovka, Vigarano isochrons
CAI, Leoville SIMS, internal isochron (5.0 ± 0.3) � 10�5 Kita et al. (2007)
CAI, Kaba (CV3.1) SIMS, internal isochron (4.9 ± 0.6) � 10�5 Nagashima et al. (2007a)
CAI in AOA, EET 92105 (CR2) SIMS, internal isochrons (4.7 ± 0.6) � 10�5 Weisberg et al. (2007)
CAIs in AOAs, EET 87770 & 92105 (CR2) (5–7) � 10�5

7 CAIs, CR2s SIMS, internal isochrons (4.43 ± 0.24) � 10�5 to Makide et al. (2009)
SIMS, model isochrons (5.43 ± 0.62) � 10�5

7 CAIs, CR2s (4.44 ± 0.39) � 10�5 to
(5.44 ± 0.60) � 10�5

4 CAIs, Allende SIMS, model isochrons (5.17 ± 0.24) � 10�5 Jacobsen et al. (2008b)

21 Chondrules, Y-81020 (CO3.0) SIMS, internal isochrons (0.29 ± 0.09) � 10�5 to Kurahashi et al. (2008)
(1.03 ± 0.28) � 10�5

5 Chondrules, Y-81020 (0.24 ± 0.17) � 10�5 to Kunihiro et al. (2004)
(0.65 ± 0.32) � 10�5

6 Chondrules, CR2s SIMS, internal isochron (0.13 ± 0.03) � 10�5 to Nagashima et al.
(2007b, 2008)

(0.63 ± 0.09) � 10�5

8 Chondrules, CR2s No resolved 26Mg*
31 Chondrules, OCs (<3.2) SIMS, internal isochrons (0.48 ± 0.45) � 10�5 to See Refs. to Fig. 21

(2.28 ± 0.73) � 10�5

8 Chondrules, OCs (<3.2) No resolved 26Mg*
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Ti-diopside (Taylor et al., 2005; Young et al., 2005; Cosa-
rinsky et al., 2007; Simon and Young, 2007). Note that if
26Al was uniformly distributed in the Solar System,
26Al–26Mg isochrons based on bulk-sample magnesium–
isotope measurements of igneous CAIs correspond to the
time of the last Al–Mg fractionation by evaporation–con-
densation during formation of these CAIs or their precur-
sors. Internal isochrons based on magnesium–isotope
measurements of individual minerals of igneous CAI corre-
spond to their crystallization ages. The internal 26Al–26Mg
isochrons in CAIs from even mildly metamorphosed mete-
orites, including many CVs, are often disturbed and cannot
be used to constrain CAI crystallization ages. Note also the
importance of using the correct magnesium–isotope mass-
fractionation laws (exponential, equilibrium, or experimen-
tally derived) for the correction of magnesium–isotope data
for samples with low 27Al/24Mg ratios when comparing
isochrons for mass-fractionated CAIs (Davis et al.,
2005b). The recently published (since 2000) high-precision
magnesium-isotope measurements of CAIs, AOAs and
chondrules are summarized in Table 4 and shown in
Fig. 16, and are discussed below.
High-precision magnesium–isotope measurements of
bulk-sample igneous (compact Type A and Type B) Allende
CAIs and their mineral separates using MC-ICPMS yield
the initial 26Al/27Al ratio of (5.16 ± 0.09)�10�5 (Jacobsen
et al., 2008a), which is inconsistent with (5.85 ±
0.05) � 10�5 value reported by Thrane et al. (2006) for
bulk-sample CV CAIs using a similar analytical technique.
Although this apparent discrepancy still needs to be re-
solved, these data sets suggest a very short (<20–30 kyr)
time difference between the formation of precursors of the
CV igneous CAIs and their crystallization ages. Thrane
et al. (2006) and Jacobsen et al. (2008a) interpreted the
small uncertainty in the inferred initial 26Al/27Al ratio as
the maximum duration of CAI formation. We note that this
conclusion is limited at present only to CAIs from several
CV chondrites. In order to constrain the total duration of
CAI formation, high precision measurements of both bulk
sample and internal 26Al–26Mg isochrons in CAIs from
primitive meteorites of other chondrite groups are required.

Different estimates of crystallization age of CV CAIs
were reported using in situ SIMS (Hsu et al., 2000; Kita
et al., 2007; Nagashima et al., 2007a; Makide et al., 2009)



Fig. 16. Distribution of (26Al/27Al)0 in CV and CR CAIs inferred from magnesium–isotope measurements of bulk CAIs and mineral
separates (Thrane et al., 2006; Jacobsen et al., 2008a) using MC-ICPMS, in mixed mineral phases and bulk CAIs using LA-MC-ICPMS
(Young et al., 2005), and from internal and model isochrons using SIMS (Cosarinsky et al., 2007; Kita et al., 2007; Nagashima et al., 2007a;
Makide et al., 2009). (26Al/27Al)0 in CAIs measured by SIMS and ICPMS were calculated using exponential fractionation laws with
experimentally derived fractionation factor 0.514 and kinetic fractionation factor 0.511, respectively. For SIMS measurements, each line
represents single CAI. CAIs and their Wark–Lovering (WL) rims from Allende (CV > 3.6), Efremovka (CV3.1–3.4) and Vigarano (CV3.1–
3.4) show large range of (26Al/27Al)0 [(3.7–6.1) � 10�5]. The (26Al/27Al)0 in CAIs from Leoville (CV3.1–3.4) and Kaba (CV3.1) and CRs are
consistent with the canonical value of �(4.5–5) � 10�5. an = anorthite; hib = hibonite; mel = melilite; px = Al,Ti-diopside; sp = spinel.
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and LA-MC-ICPMS measurements (Young et al., 2005).
Hsu et al. (2000) obtained three internal isochrons in an Al-
lende Type B CAI composed of three texturally distinct re-
gions (Fig. EA4) and concluded that this CAI recorded
multiple heating events during 300,000 years of its
evolution.

Magnesium–isotope measurements of mixed phases and
bulk sample of eight coarse-grained CAIs from CV chon-
drites Allende, Efremovka, Grosnaja, Leoville and Vigar-
ano measured by Young et al. (2005) show a range of
(26Al/27Al)0 from <4 to 7 � 10�5; 79% of all measurements
plot above the canonical value (Fig. 1 in Young et al.,
2005). Young et al. (2005) concluded that CV CAIs experi-
enced prolonged thermal history (�300,000 years) in the so-
lar nebula.

Cosarinsky et al. (2007) measured 26Al–26Mg systemat-
ics of 14 igneous (Type B and compact Type A) and non-
igneous (fluffy Type A) CAIs from Allende (CV > 3.6),
Vigarano (CV3.1–3.4) and Efremovka (CV3.1–3.4) (petro-
logic types according to Bonal et al., 2006), as well as their
Wark–Lovering rims, using MC-SIMS. Because melilite in
these CAIs often shows evidence for re-distribution of mag-
nesium isotopes, internal isochrons were constructed using
only spinel, Al,Ti-diopside and hibonite grains, and the iso-
chron lines were forced through the origin (i.e., these are
model isochrons). The inferred (26Al/27Al)0 ratios range
from 3.8 to 6.1 � 10�5. In 5 out of 6 CAIs measured, there
are resolvable age differences between the formation of the
CAI interiors and their Wark–Lovering rims (Fig. 16). Cos-
arinsky et al. (2007) concluded that formation and thermal
processing of CV CAIs lasted for at least 0.5 Myr, support-
ing earlier conclusions of Hsu et al. (2000) and Young et al.
(2005). In contrast, a Type B CAI from Leoville (CV3.1–
3.4) and a compact Type A CAI Kaba (CV3.1) (petrologic
types according to Bonal et al., 2006) show no disturbance
of 26Al–26Mg systematics in any of the minerals
studied, including melilite and anorthite; the inferred values
of (26Al/27Al)0 are (5.0 ± 0.3) � 10�5 (Kita et al., reported
at the Workshop in Kauai, 2007) and (4.9 ± 0.6) � 10�5

(K. Nagashima, personal communication, 2007),
respectively.

To constrain the duration of formation and subsequent
thermal processing of CAIs and identify inclusions melted
during chondrule formation, Makide et al. (2009) measured
in situ oxygen–isotope compositions and internal
26Al–26Mg isochrons in the mineralogically pristine CAIs
from CR chondrites using SIMS. Makide et al. found that
CAIs showing no evidence for being recycled during chon-
drule formation have uniformly 16O-rich (D17O =
�23.3 ± 1.9&, 2 standard deviations) compositions and
(26Al/27Al)0 ratios consistent with the canonical value of
�(4.5 ± 5.0) � 10�5 (Table 4 and Fig. 16). The observed
range in (26Al/27Al)0, largely due to uncertainties of mea-
surements, suggests formation of CR CAIs lasted between
0.1 and 0.4 Myr.

3.2.2.2. Chronology of 26Al-poor CAIs. Some CAIs show
either no excess of 26Mg due to decay of 26Al (deficit of
26Mg or excess of 25Mg is observed instead) or have much
lower (26Al/27Al)0 ratio (<1 � 10�5) than the canonical va-
lue. These include FUN (fractionation and unidentified nu-
clear effects) CAIs in Allende (Lee, 1988), some platy
hibonite crystals (PLACs) in CM chondrites (e.g., Sahijpal
and Goswami, 1998; Ireland and Fegley, 2000; Liu et al.,
2007), pyroxene–hibonite spherules in CM and CO chon-
drites (Ireland et al., 1991; Russell et al., 1998), some corun-
dum-rich CAIs (Simon et al., 2002), most grossite- and
hibonite-rich inclusions in CH chondrites (Kimura et al.,
1993; Weber et al., 1995; Krot et al., 2008b), and a few
CAIs measured in CB chondrites (Gounelle et al., 2007).



Fig. 17. Oxygen–isotope compositions of individual minerals in the
Allende FUN CAIs CG14 and DH8 (data from Krot et al., 2008a).
Both CAIs experienced mass-dependent fractionation of oxygen
isotopes as a result of melt evaporation: degree of fractionation
increases from spinel to forsterite to Al,Ti-diopside, consistent with
the inferred crystallization sequence of the CAI melts (Stolper,
1983). Subsequently, melilite, anorthite and some Al,Ti-diopside
grains experienced oxygen–isotope exchange with an 16O-poor
reservoir. The D17O values of spinel, forsterite and most Al,Ti-
diopside grains in the FUN CAI (��24±2&) are similar to those
of non-FUN CAIs. an = anorthite; fas = Al,Ti-diopside; fo = for-
sterite; mel = melilite; sp = spinel. EL = exchange line; FUN
FL = FUN fractionation line.
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FUN CAIs, PLACs and pyroxene–hibonite spherules
have large nucleosynthetic isotopic anomalies in many ele-
ments (e.g., Ca, Ti, Si) and volatility-fractionated REE pat-
terns. Based on these observations and the refractory
nature of many of these inclusions, it is hypothesized that
they formed early, prior to injection and/or homogeniza-
tion of 26Al in the Solar System, before or contemporane-
ously with CAIs having the canonical 26Al/27Al ratio
(Sahijpal and Goswami, 1998). The 16O-rich (D17O �
�24 ± 2&) compositions of FUN CAIs (Fig. 17; Thrane
et al., 2008), PLACs (Goswami et al., 2001) and corun-
dum-rich CAIs (Simon et al., 2002), which are similar to
those of CAIs with the canonical 26Al/27Al ratio (Makide
et al., 2009; MacPherson et al., 2008), are generally consis-
tent with this hypothesis, but do not prove it. Measure-
ments of 207Pb–206Pb ages of such CAIs are required to
test it.

Most of the 26Al-poor [(26Al/27Al)0) < 1 � 10�5] gros-
site- and hibonite-rich CAIs in CH chondrites are 16O-rich
(D17O < �20&; Fig. 18) and show no large nuclear isotopic
anomalies or mass-dependent fractionation effects (Kimura
et al., 1993; Weber et al., 1995; Srinivasan et al., 2007; Krot
et al., 2008b). These CAIs may have formed either very
early, as hypothesized for FUN CAIs and PLACs (Sahijpal
and Goswami, 1998), or very late, after decay of 26Al.

CAIs in CB chondrites are 26Al-poor, (26Al/27Al)0)
<4.6 � 10�6 (only three CAIs have been measured so far)
and uniformly 16O-depleted (D17O > �10&; Fig. 19); most
of them have igneous textures (Krot et al., 2001b, 2005a;
Gounelle et al., 2007). These observations may indicate that
CB CAIs experienced isotope exchange during late-stage
melting. Since chondrules in CB chondrites formed during
a highly-energetic, single-stage event �4563 Myr ago and
have 16O-depleted compositions (Krot et al., 2005a), this
event may have resulted in melting and isotope exchange
of CB CAIs as well.

3.2.2.3. 26Al–26Mg systematics of primitive chondrite chond-

rules. High-precision, internal 26Al–26Mg isochrons in
chondrules (Fig. 20a and b) are reported for primitive mete-
orites of two groups of carbonaceous (CO3.0 and CR2) and
two groups of ordinary chondrites (L and LL3.0–3.2,
Fig. 21) (Kita et al., 2000, 2005; Mostefaoui et al., 2001;
Kunihiro et al., 2004; Kurahashi et al., 2004, 2008;
Rudraswami and Goswami, 2007; Nagashima et al.,
2007b, 2008). In the CO3.0 chondrite Y-81020, the initial
26Al/27Al ratios range from (0.24 ± 0.17) � 10–5 to
(1.03±0.28) � 10–5, which corresponds to an age difference
of 1.3–3.2 Myr after CAIs with the canonical (26Al/27Al)0

(Table 4 and Figs. 20a and 21b). No systematic differences
were found between the inferred ages of chondrules from
CO and ordinary chondrites; the initial 26Al/27Al ratios in
ordinary chondrite chondrules range from (0.48 ± 0.45) �
10�5 to (2.28 ± 0.73) � 10�5 (Table 4 and Fig. 21a).3 In
contrast, most chondrules from CR2 chondrites have
3 Note that a fraction of chondrules with (26Al/27Al)0 < 0.5 �
10�5 is higher in CO than in ordinary chondrites, which may
suggest some systematic differences in ages of the CO and ordinary
chondrite chondrules.
(26Al/27Al)0 <0.3 � 10–5 (Table 4 and Fig. 21c), consistent
with their young 207Pb–206Pb absolute ages (Amelin et al.,
2002).

The young crystallization ages of primitive chondrite
chondrules inferred from the internal 26Al–26Mg isochrons
are in apparent conflict with the model 26Al–26Mg isoch-
rons [(26Al/27Al)0 �(3–5) � 10�5] inferred from the bulk-
sample magnesium–isotope compositions of CV chondrules
(Fig. 20c), which overlap with those of CV CAIs (Bizzarro



Fig. 18. 26Al–26Mg evolution diagrams (a and b) and oxygen–
isotope compositions (c) of CAIs from the CH chondrite Acfer 214
and CH/CB-like chondrite Isheyevo (data from Krot et al., 2008b).
Region outlined by dashed line in ‘‘a” is shown in ‘‘b”. Two kinds
of CAIs can be recognized based on the 26Al–26Mg isotope
systematics: with the canonical (26Al/27Al)0 of �(4.5–5) � 10�5 and
with either unresolved or small excesses of 26Mg corresponding to
the (26Al/27Al)0 < (4–5) � 10�7. The 26Al-poor CAIs are dominant.
Most CAIs of both kinds are 16O-rich. The 16O-depleted CAIs are
rare and show no excess of 26Mg. In ‘‘a” and ‘‘b” errors are 2r; in
‘‘c” 2r errors correspond size of the symbols.

Fig. 19. (a) 26Al–26Mg evolution diagram for CAIs from the CB
chondrites Hammadah al Hamra 237 (CAI #0) and QUE 94411
(CAIs #1 and #2) (data from Gounelle et al., 2007). None of the
CAIs show resolvable d26Mg*; errors are 2r. An upper limit for the
initial 26Al/27Al ratio in combined three CAIs is 4.6 � 10�6.
Isochron with slope 1 � 10�5 is shown for reference. (b) Oxygen–
isotope compositions of AOA and CAIs from Hammadah al
Hamra 237 and QUE 94411/94627 (data from Krot et al., 2001b).
The CB CAIs are uniformly 16O-depleted compared to typical
CAIs from primitive chondrites.
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et al., 2004; Thrane et al., 2006). The latter data were inter-
preted as an evidence for contemporaneous formation of
chondrules and CAIs (Bizzarro et al., 2004; Bouvier and
Wadhwa, 2007), and thus cited as an evidence supporting
x-wind model (Gounelle et al., 2006). Note, however, that
(i) x-wind model excludes chronological interpretation of
26Al–26Mg systematics, and (ii) large excesses of 26Mg in
CV chondrules are in conflict with x-wind model for irradi-
ation origin of 26Al; according to this model, chondrules
formed in the gaseous disk and were better shielded from
irradiation than CAIs. (iii) The bulk-sample 26Al–26Mg
isochrons for chondrules may correspond to the formation
time of chondrule precursors, not chondrule crystallization
ages. The latter can be inferred unambiguously only from
the internal 26Al–26Mg isochrons provided there was no
metamorphic resetting since the chondrule crystallization,
a condition may have been fulfilled given the low degree



Fig. 21. Distribution of (26Al/27Al)0 in chondrules from primitive
(petrologic type 3.0 and 3.1) ordinary (L and LL) and carbona-
ceous (CO3.0 and CR2) chondrites and in CAIs from CR
chondrites. All data were obtained by in situ SIMS measurements.
Chondrules from ordinary and CO chondrites have similar range of
the initial (26Al/27Al)0 ratios; chondrules from CR chondrites have
lower values of (26Al/27Al)0. The inferred 26Al–26Mg ages of CR
chondrules are consistent with 206Pb–207Pb ages (square) reported
by Amelin et al. (2002). Data for chondrules are from Kita et al.
(2000), McKeegan et al. (2000b), Huss et al. (2001, 2007),
Mostefaoui et al. (2001), Kunihiro et al. (2004), Kurahashi et al.
(2008), Rudraswami and Goswami (2007), and Nagashima et al.
(2007b, 2008). Data for CAIs are from Makide et al. (2009).

Fig. 20. (a and b) 26Al–26Mg internal isochrons for representative
chondrules from Y81020 (CO3.0; Kurahashi et al., 2008) and CR
chondrites EET 92147 and EET 92042 (Nagashima et al., 2007b).
(c) 26Al–26Mg evolution diagram for ‘‘bulk” (samples were drilled
out) Allende chondrules obtained by MC-ICPMS (Bizzarro et al.,
2004, 2005). Error bars for d26Mg* are 2r external reproducibility.
Isochrons with slopes 5.85, 3.6 and 2.2 � 10�5 correspond 0, 0.5
and 1 Myr after formation of CAIs with the supra-canonical
(26Al/27Al)0 = (5.85 ± 0.05) � 10�5. The inset shows the internal
isochron for chondrule A-B9, corresponding to an
(26Al/27Al)0 = (6.2±2.4) � 10�5.
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of metamorphism in these primitive meteorites. (iv) Finally,
if 26Al was uniformly distributed in the CAI- and chon-
drule-forming regions, as predicted from models of its stel-
lar origin and argued by Thrane et al. (2006), and if there
was no significant Al–Mg fractionation during chondrule
formation, bulk-sample isochrons of chondrules and CAIs
should be similar. The observed spread in slopes of bulk-
sample 26Al–26Mg isochrons of CV chondrules (Fig. 20c)
may be due to unrepresentative sampling of chondrules
by microdrilling used by Bizzarro et al., 2004. This hypoth-
esis can be tested by measurements of magnesium–isotope
compositions of whole chondrule samples.

3.2.3. 53Mn-53Cr systematics of CAIs and chondrules
53Mn–53Cr systematics [53Mn decays to 53Cr with

t1/2 � 3.7 Myr] of CAIs and chondrules were measured in
a very limited number of samples, which are mainly from
metamorphosed chondrites and do not provide any firm
conclusion on the chronology of CAI and chondrule forma-
tion yet (Birck and Allégre, 1985; Nyquist et al., 2001; Yin
et al., 2007). In addition, the initial Solar System
53Mn/55Mn ratio [(53Mn/55Mn)0] is uncertain: estimates
range from 0.84 to 4.4 � 10�5 (Birck and Allégre, 1988;
Lugmair and Shukolyukov, 1998, 2001; Nyquist et al.,
2001; Shukolyukov and Lugmair, 2006; Moynier et al.,
2007). The most recent value of (8.5 ± 1.5) � 10�6 has been
inferred from whole-rock carbonaceous chondrites, which
may correspond to global, high-temperature Mn–Cr frac-
tionation in the solar nebula (Shukolyukov and Lugmair,
2006; Moynier et al., 2007). 53Mn–53Cr systematics of CAIs
from CV chondrites, the only group where they were mea-
sured, are disturbed, which compromise their chronological
significance (e.g., Bogdanovski et al., 2002). Manganese–
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chromium isotope measurements of the Chainpur (LL3.4)
chondrules yield (53Mn/55Mn)0 = (9.4 ± 1.7) � 10�6 (Ny-
quist et al., 2001). A significantly lower value
[(5.1 ± 1.6) � 10�6] has been recently reported for the
Chainpur chondrules by Yin et al. (2007); the similar
(53Mn/55Mn)0 ratio was reported for chondrules from
Semarkona (LL3.0) (5.8 ± 1.9) � 10�6 (Kita et al., 2005).
4 The absolute age of CV CAIs estimated from their 182Hf182W
systematics and the angrite anchor is inconsistent with the higher-
precision 207Pb206Pb ages of CV CAIs reported by Amelin et al.
(2006), Jacobsen et al. (2008a,b), and Bouvier et al. (2008) (Table
3).
3.2.4. 60Fe–60Ni systematics of CAIs and chondrules

In spite of very important role of 60Fe (t1/2 � 1.5 Myr)
for understanding the origin of short-lived radionuclides
in the early Solar System (a stellar, probably supernova
source of 60Fe is required) and its astrophysical environ-
ment of the Solar System formation (Tachibana and Huss,
2003; Tachibana et al., 2006; Bizzarro et al., 2007a,b;
Gounelle et al., 2008), 60Fe–60Ni systematics of chondritic
components are too poorly studied to have important
implication for the chronology of CAI and chondrule for-
mation. There are several additional reasons which restrict
chronological implication of 60Fe–60Ni systematics. (i) The
initial 60Fe/56Fe ratio [(60Fe/56Fe)0] in the Solar System is
poorly constrained. Although the presence of 60Ni excesses
(60Ni*) has been reported in CV CAIs (Quitté et al., 2007),
the nucleosynthetic origin of these anomalies cannot be ex-
cluded (Bizzarro et al., 2007b). (ii) 60Fe–60Ni systematics
has not been anchored yet to other short-lived (26Al–26Mg,
53Mn–53Cr, 182Hf–182W) or long-lived (207Pb–206Pb) isotope
systematics. (iii) Uniform distribution of 60Fe in the solar
nebula is being debated (e.g., Bizzarro et al., 2007a; Dau-
phas et al., 2008). (iv) Measurements of 60Fe–60Ni system-
atics in individual chondritic components are very
difficult, because the initial abundance of 60Fe in the Solar
System appears to be low, <1 � 10�6 (Tachibana et al.,
2006), and minerals suitable for the in situ 60Fe–60Ni mea-
surements by SIMS (i.e., 20–30 lm grains with Fe/Ni ratio
>106) are rare. Below is a brief summary of the published
data.

The presence of 60Ni excess due to decay of 60Fe was re-
ported in ordinary chondrite sulfides and chondrule sili-
cates (Tachibana and Huss, 2003; Mostefaoui et al., 2005;
Tachibana et al., 2006; Bizzarro et al., 2007a; Quitté
et al., 2007; Goswami and Mishra, 2007; Guan et al.,
2007). The inferred (60Fe/56Fe)0 in sulfides (Mostefaoui
et al., 2005) may be compromised by Fe–Ni redistribution
between metal and sulfides during aqueous alteration
and/or thermal metamorphism experienced by ordinary
chondrites (Tachibana et al., 2006; Guan et al., 2007).
The inferred 60Fe/56Fe ratio in ferromagnesian silicates
from Semarkona (LL3.0) and Bishunpur (LL3.1) chond-
rules, which most likely represents (60Fe/56Fe)0 during crys-
tallization of chondrule melts, ranges from
(2.2 ± 1.0) � 10�7 to (3.7 ± 1.9) � 10�7 (Tachibana et al.,
2006). By applying the time difference of 1.5–2.0 Myr be-
tween formation of CAIs and ordinary chondrite chond-
rules, which can be inferred from their 26Al–26Mg
systematics (Fig. 21c; note that only few chondrules with
measured 26Al–26Mg systematics were studied for 60Fe–60Ni
systematics), a Solar System initial 60Fe/56Fe of (5–
10) � 10�7 is estimated (Tachibana et al., 2006). Correlated
studies of 60Fe–60Ni and 26Al–26Mg systematics in primitive
chondrite chondrules can potentially help to establish
60Fe–60Ni chronology of chondrule formation. This work
is currently in progress (e.g., Huss et al., 2007; Goswami
and Mishra, 2007).

3.2.5. 182Hf–182W systematics of CAIs
182Hf decays to 182W with t1/2 � 9 Myr. There are very

few data on 182Hf–182W systematics of chondritic compo-
nents to draw any firm conclusions of their chronology.
Hafnium–tungsten isotope data of four bulk CAIs and min-
eral separates (melilite, Al,Ti-diopside) of two CAIs from
Allende measured using MC-ICPMS yield an isochron with
initial 182Hf/180Hf ratio [(182Hf/180Hf)0] of (1.01 ± 0.05) �
10�4 and initial eW (deviation of 182W/184W from the terres-
trial value) of �3.34 ± 0.14 (Burkhardt et al., 2007), consis-
tent with a (182Hf/180Hf)0 of (1.00 ± 0.08) � 10�4 and initial
eW of �3.45 ± 0.25 inferred from Hf–W data for two bulk
CAIs, various fragments of a single CAI, and whole-rock
carbonaceous chondrites (Kleine et al., 2005). Using the
(182Hf/180Hf)0 in angrite D’Orbigny [(7.4 ± 0.2) � 10�5;
Markowski et al., 2008) and its 207Pb–206Pb age
(4564.42 ± 0.12 Myr; Amelin, 2008), the (182Hf/180Hf)0 in
CAIs corresponds to an absolute age of 4568.0 ± 0.8 Myr,
which is barely consistent with the measured 207Pb–206Pb
age of the CV CAIs (Amelin et al., 2002)4. Note that many
CV CAIs experienced alteration resulting in open-system
behavior of tungsten (Humayun et al., 2007) and the ob-
tained isochron should be considered with precautious.
No hafnium–tungsten isotope data have been reported for
chondrules yet.

3.2.6. 41Ca–41K systematics of CAIs

The excess of 41K (41K*) correlated with 40Ca/39K,
indicative for the presence of 41Ca (t1/2 � 0.1 Myr), was re-
ported in CV and CM CAIs with the canonical 26Al/27Al
ratio (Srinivasan et al., 1994). No evidence for 41Ca was
found in FUN CAIs, CH CAIs, corundum and hibonite
grains characterized by lower than the canonical 26Al/27Al
ratio (1 � 10�5 to 5 � 10�8) (Sahijpal et al., 1998; Sahijpal
and Goswami, 1998; Srinivasan and Bischoff, 2001). The
apparent correlation between the initial abundances of
41Ca and 26Al (CAIs with resolvable 41K* have the canon-
ical 26Al/27Al ratio, whereas CAIs with lower than the
canonical 26Al/27Al ratio show no 41K*) implies a common
stellar origin for these radionuclides (Sahijpal et al., 1998).
It is proposed that CAIs devoid of 41Ca and with much low-
er than the canonical 26Al/27Al ratio represent some of the
first solids that formed in the solar nebula prior to injection
and/or homogenization of 26Al and 41Ca (Sahijpal and
Goswami, 1998); however, the later formation of such
CAIs, after decay of 26Al and 41Ca, cannot be entirely
excluded).

Although the presence of 41Ca has an important implica-
tion for understanding the origin of short-lived radionuc-



4984 A.N. Krot et al. / Geochimica et Cosmochimica Acta 73 (2009) 4963–4997
lides in the Solar System, its short half-life and very low ini-
tial 41Ca/40Ca ratio [1.5 ± 0.3) � 10�8], limits its wider
applications despite its great chronological significance. It
can be potentially used to constrain the early Solar System
events with the highest time resolution; in situ measurements
of 41Ca–41K systematics, however, are very challenging.

3.2.7. 36Cl–36S systematics of CAIs and chondrules
36S excess correlated with 35Cl/34S ratio, indicative of the

presence of 36Cl (t1/2 � 0.3 Myr), was reported in sodalite
replacing anorthite in CAIs and chondrules from the CV
chondrites Ningqiang (Lin et al., 2005) and Allende (Hsu
et al., 2006). The inferred initial 36Cl/35Cl ratio in sodalite
is �5 � 10�6. None of the sodalite grains analyzed shows
26Mg*, suggesting late-stage origin of sodalite. Assuming
formation of sodalite >1.5 Myr after crystallization of the
host CAIs, the solar initial 36Cl/35Cl ratio is estimated
>1.6 � 10�4. The origin of 36Cl, remains controversial;
two mechanisms are proposed: injection from a nearby
supernova (Lin et al., 2005) and local irradiation origin
(Hsu et al., 2006). Since 36Cl has been detected only in soda-
lite postdating formation of CAIs and chondrules, it has
limited significance for the chronology of CAIs and
chondrules.

3.2.8. 10Be–10B and 7Be–7Li systematics of CAIs and

chondrules

Excesses of 10B correlated with 9Be/11B, indicative for
the presence of 10Be (t1/2 � 1.5 Myr), were reported in many
CAIs from CV and CM chondrites (McKeegan et al.,
2000a; Sugiura et al., 2001; Marhas et al., 2002; MacPher-
son et al., 2002). Data for 10Be–10B systematics in CAIs
from other chondrite groups are limited (Srinivasan et al.,
2007). Since 10Be is not produced in stars, its irradiation
origin is required. This is consistent with the observations
that 10Be is decoupled from short-lived radionuclides of
probably stellar origin—26Al and 41Ca; there is no chrono-
logical correlation between the inferred (10Be/9Be)0 and
(26Al/27Al)0 or (41Ca/40Ca)0 in CAIs measured (Marhas
et al., 2002; MacPherson et al., 2002; Liu et al., this
volume).

Two models for the irradiation origin of 10Be were pro-
posed: spallation reactions near the proto-Sun (McKeegan
et al., 2000a) and magnetic trapping of galactic cosmic rays
in the protosolar molecular cloud (Desch et al., 2004). If
10Be was produced in the molecular cloud, it is expected
to be uniformly distributed in the early Solar System, which
would make it a very important chronometer for dating
early Solar System processes (Desch et al., 2004). The exist-
ing data appear to be inconsistent with uniform distribution
of 10Be—the inferred initial 10Be/9Be ratios in CAIs range
from (12.4 ± 2.7) � 10�4 to (5.3 ± 2.4) � 10�4 (McKeegan
et al., 2000a; Sugiura et al., 2001; Marhas et al., 2002; Mac-
Pherson et al., 2002; Srinivasan et al., 2007)—and may sup-
port local irradiation origin of 10Be. This precludes use of
10Be–10B systematics for the chronology of CAI and chon-
drule formation.

Recently, Chaussidon et al. (2006a) reported the possi-
ble presence of 7Be (t1/2 = 53 days) in an Allende CAI hav-
ing high initial 10Be/9Be ratio (excess of 7Li in some melilite
grains positively correlates with 9Be/6Li ratio). This tenta-
tive presence of 7Be has been challenged by Desch and
Ouellette (2006). For detailed replies to Desch and Quellette
(2006) see Chaussidon et al. (2006b). More measurements
are needed to confirm presence of 7Be in CAIs.

Although chondrules show variations in Li–Be–B isoto-
pic compositions, which can be explained as a result of mix-
ing of protosolar and solar sources, the low Be/B and Be/Li
ratios in chondrule minerals prevent detection of 10Be and
7Be (Chaussidon and Robert, 1998; Hoppe et al., 2001;
Robert and Chaussidon, 2003).

3.3. Chronological significance of oxygen isotopes

It has been recently proposed that (i) oxygen–isotope
composition of the protosolar molecular cloud, and, hence
of the Sun (yet to be measured on Genesis samples), is 16O-
rich (D17O < �20&), and (ii) the oxygen–isotope composi-
tion of the nebular gas evolved with time due to variations
in the amount of 17,18O-enriched water in the inner Solar
System (Clayton, 2002; Yurimoto and Kuramoto, 2004;
Hashizume and Chaussidon, 2005; Lyons and Young,
2005). According to these CO self-shielding models, the
absolute and relative chronologies of refractory inclusions
and chondrules, and the differences in oxygen–isotope com-
positions of most chondrules (D17O > –10&) and most
refractory inclusions (D17O < �20&), these differences can
be interpreted in terms of isotopic self-shielding during
UV photolysis of CO either in the parent molecular cloud
or in the peripheral part of the protoplanetary disk (Krot
et al., 2005d). The UV photolysis of CO preferentially dis-
sociates C17O and C18O. The released atomic 17O and 18O
are incorporated into water ice, while the residual CO gas
becomes enriched in 16O. During the earliest stages of evo-
lution of the protoplanetary disk, the inner disk had a solar
H2O/CO ratio and was 16O-rich. During this time, the 16O-
rich refractory inclusions and, possibly, chondrules formed.
Subsequently, the inner disk became H2O-enriched and
16O-depleted, because water–ice-rich dust particles, which
were depleted in 16O, agglomerated outside the snowline,
drifted rapidly towards the Sun and evaporated. During
this time, which may have lasted for �4 Myr, most chond-
rules formed and some of the CAIs were melted.

There are several caveats in these models, which reduce
possible chronological significance of oxygen isotopes. (i)
The origin of 16O-rich reservoir in the early Solar System
and oxygen–isotope composition of the Sun remain contro-
versial (Yurimoto et al., 2007 and references therein). (ii)
16O-rich and 16O-poor gaseous reservoirs may have coex-
isted during the formation of igneous CAIs having nearly
canonical (26Al/27Al)0 (Yurimoto et al., 1998; Aléon et al.,
2007; Itoh and Yurimoto, 2007). (iii) There is no clear cor-
relation between the degree of 16O-enrichment in chond-
rules and their crystallization ages (Krot et al., 2006). For
example, chondrules from CO and LL chondrites have dif-
ferent oxygen–isotope compositions (Fig. 11), but similar
26Al–26Mg ages (Fig. 21). The apparently young CR chond-
rules are 16O-enriched relative to the apparently older or-
dinary chondrite chondrules (Figs. 11 and 21). Note also
that the differences in oxygen–isotope compositions of
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chondrules from different chondrite groups are relatively
small compared to those between CAIs + AOAs and
chondrules (e.g., Figs. 7 and 11). This is not predicted in
the self-shielding models, because temporal and spatial
variations of the water vapor content are expected to be
present during chondrule formation epoch and large varia-
tions in oxygen–isotope compositions of chondrules are ex-
pected (Fukui and Kuramoto, 2008). The relatively small
fluctuation in oxygen–isotope compositions of chondrules
may reflect local and temporal variations in silicate dust/
gas ratio and abundance of water in chondrule-forming re-
gions (Fukui and Kuramoto, 2008), as well as a position of
chondrule-forming region relative to the position of snow–
line, which may change with time (Ciesla, 2008).

If the differences in oxygen–isotope compositions of
CAIs + AOAs and chondrules do reflect evolution of oxy-
gen isotopes of the inner disk with time, oxygen isotopes
can be potentially important for searching ‘‘old” chond-
rules (see Section 3.4).

Finally we note that oxygen isotopes can potentially
play a very important role for understanding the origin,
stellar vs. irradiation, of short-lived radionuclides in the
early Solar System (Gounelle and Meibom, 2007; Krot
et al., 2008b) and distinguishing early vs. late formation
of 26Al-poor CAIs (Krot et al., 2008a). The importance of
oxygen isotopes as an evidence for pollution of the Solar
System by a supernovae has been recently explored by
Young et al. (2008).

3.4. On the nature of age gap between CAIs and chondrules

An age gap of �1 Myr between CAI and chondrules for-
mation (i.e., lack of ‘‘old” chondrules with age similar to
that of CAIs) inferred from the existing 207Pb–206Pb and
26Al–26Mg data is not understood. This gap could be an
artifact if (i) old chondrules were all accreted into planetes-
imals that experienced melting and differentiation, (ii) chon-
drule recycling was very efficient and reset internal
26Al–26Mg isochrons of chondrules of earlier generations,
or (iii) thermal metamorphism reset internal 26Al–26Mg
isochrons in chondrules. All these explanations seem unli-
kely, because CAIs and AOAs, which are older than chond-
rules, survived in the protoplanetary disk. In addition, peak
metamorphic temperatures of CO3.0, CR2 and ordinary
chondrites of petrologic type <3.2 are too low to reset
26Al–26Mg systematics of chondrules (LaTourrette and
Wasserburg, 1998). This is consistent with the lack of evi-
dence for disturbance of 26Al–26Mg systematics in CAIs
of these meteorites (e.g., Makide et al., 2009). (iv) The
apparent lack of old chondrules might be a result of small
number of primitive chondrite chondrules with measured
internal 26Al–26Mg isochrons (Fig. 21). High-precision
measurements of internal 26Al–26Mg isochrons in a statisti-
cally significant number of chondrules from primitive chon-
drites are required to test this hypothesis. If oxygen isotopes
have chronological significance, they can be used to search
for old chondrules, i.e., chondrules with uniformly 16O-rich
(D17O < �20&) compositions. This approach may be more
efficient than measuring 26Al–26Mg systematics in chond-
rules, which is very time-consuming and requires the pres-
ence of relatively coarse-grained (>10 lm) minerals with
high Al/Mg ratios (>20). (v) The observed gap could reflect
the chondrule-forming mechanism(s); e.g., if generation of
chondrule-forming shock waves requires formation of Jupi-
ter (Boss and Durisen, 2005) and/or planetesimals were in-
volved in chondrule formation (Weidenschilling et al., 1998;
Sanders and Taylor, 2005; Hood et al., 2005, 2008; Scott
and Sanders, 2008). The latter hypothesis is based on the
observations that chondrule formation overlapped and
probably postdated accretion and differentiation of some
planetesimals (Bizzarro et al., 2004; Kleine et al., 2005;
Halliday and Kleine, 2006), and that asteroidal fragments
may have been present among chondrule precursors
(Libourel and Krot, 2006). An additional argument for a
role for planetesimals in the formation of chondrules is
based on the 53Mn–53Cr whole-rock isochron for carbona-
ceous chondrites, which dates Mn–Cr fractionation be-
tween carbonaceous chondrites at 4568 ± 1 Myr
(Shukolyukov and Lugmair, 2006; Moynier et al., 2007).
To understand how whole-rock chondrite compositions re-
flect Mn–Cr fractionation that may have occurred several
Myr before chondrule formation, Scott and Sanders
(2008) proposed that chondrules and fine-grained matrices
formed out of a mixture of volatile-rich nebular dust and
refractory material derived from planetesimals that formed
early and melted.

3.5. Preservation of CAIs in the protoplanetary disk

The confirmed age difference between CAIs and chond-
rules within a single chondrite group and the much shorter
duration of CAI formation (may be less than 0.1 Myr) com-
pared to that of chondrule formation (up to 4 Myr) requires
an explanation for the preservation of CAIs for millions of
years before being accreted into the chondritic meteorite
parent bodies despite dynamical arguments that these ob-
jects would be lost to the Sun due to gas drag on much
shorter timescales (Weidenschilling, 1977). The preserva-
tion of CAIs in the disk could have occurred in one of
two ways: (i) CAIs were stored in an early generation of
planetesimals that were not affected by gas drag and were
subsequently disrupted, allowing the CAIs to be re-accreted
into a later generation of planetesimals that would become
the chondritic meteorite parent bodies (e.g., Hutcheon
et al., 2009) or (ii) some dynamical process operated in
the solar nebula that offset the effects of gas drag, allowing
the CAIs to survive as free floating objects until they were
accreted into the meteorite parent bodies (e.g., Cuzzi
et al., 2003; Haghighipour and Boss, 2003a,b; Boss, 2004;
Ciesla, 2007a,b).

The planetesimal storage hypothesis is problematic as
the large amount of live 26Al that they would incorporate
along with the CAIs would lead to thermal processing, if
not total differentiation, of the sizable planetesimals (Hevey
and Sanders, 2006). Because there is no clear evidence that
CAIs experienced thermal processing in an asteroidal set-
ting prior to incorporation into asteroid-sized bodies, this
hypothesis has largely fallen out of favor. Although CAIs
stored within a few km-sized planetesimals could have
avoided significant thermal processing, no fragments of
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such hypothetic CAI-rich planetesimals have been found
yet. Note also that since relict CAIs are commonly found
inside chondrules (see section 3.2.1), some CAIs must have
been released from such hypothetic bodies prior to chon-
drule formation.

A variety of nebular processes have been proposed to
counteract gas drag, allowing small CAI-sized particles to
be preserved in the nebula for timescales of millions of
years. The x-wind model proposed by Shu et al. (1996) ar-
Fig. 22. X-ray elemental maps in Mg Ka (a and d), optical micrographs
image of two Type I chondrules in the CV carbonaceous chondrite Vigara
are shown in details in (b) and (e), respectively. The chondrules contain co
terrestrial weathering products) and magnesian olivines (ol) surrounded b
mesostasis (mes) and by the fine-grained, matrix-like rims (FGR). Olivine
of �120� (yellow arrows in c and e), indicative of granoblastic equilibrium
chondrule melts. It is inferred that these olivine dominated (dunite-li
differentiated planetesimals (from Libourel and Krot (2006)). (For interp
referred to the web version of this paper.)
gues that CAIs were launched on ballistic trajectories from
near the Sun and then rained back down onto the solar neb-
ula at distances that were dependent on the size of the par-
ticles. However, prior to being launched, the CAIs would
have resided in a highly-oxidizing environment (Desch,
2007), which is inconsistent with their mineralogy (e.g.,
Simon et al., 2007). Alternatively, it has been suggested that
gravitational torques (Boss, 2008) or turbulent diffusion
(Cuzzi et al., 2003) could have served to carry CAIs
in crossed-polarized light (b, e, and f), and back-scattered electron
no (a–e) and a terrestrial dunite (f). Regions outlined in (a) and (d)

arse-grained, aggregates composed of Fe,Ni-metal (met; replaced by
y the igneous shells composed of low-Ca pyroxene (px) and glassy
grains in the aggregates show triple junctions with interfacial angles
textures; such textures cannot be produced by crystallization from

ke) aggregates are relict grains resulting from fragmentation of
retation of the references to color in this figure legend, the reader is
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outward within the solar nebula. In the case of gravitational
torques, simulations were only carried out for �103 years,
and it is unclear whether the CAIs would be preserved for
timescales (1–4) � 103 times longer. In order for turbulent
diffusion to preserve the needed number of CAIs, Cuzzi
et al. (2003) found that hot nebula region, where CAIs
formed, would have to be enriched in silicates by factors
of >103, which is unlikely based on the work of Ciesla
and Cuzzi (2006). While each of these mechanisms has
questions surrounding it, a variation on the turbulent diffu-
sion model offers a possible solution. Ciesla (2007a,b) dem-
onstrated that during the earliest stages of disk evolution,
the net inward movement of mass would be accompanied
by outward flows around the disk mid-plane that would al-
low for more effective outward transport than found by
Cuzzi et al. (2003).
Fig. 23. Combined X-ray elemental maps in Mg (red), Ca (green) an
carbonaceous chondrite MAC 02675 and CH/CB-like carbonaceous chon
metal grains and magnesium-rich cryptocrystalline chondrules, which co
melt plume formed by collision between planetary embryos (Krot et al.,
chondrules formed by melting of dust in the solar nebula and CAIs forme
references to color in this figure legend, the reader is referred to the web
Another way to keep CAIs in the protoplanetary disk
without loss to inward gas drag is having disk with rings
and spiral arms, which force the solids to the centers of
the rings and spiral arms, where they can survive indefi-
nitely, as shown by Haghighipour and Boss (2003a,b). Spir-
al arms are a natural feature of a marginally gravitationally
unstable disk, which may to be required in order to form
Jupiter, by either core accretion or disk instability (Boss,
2006).

3.6. Presence of asteroidal material among chondrule

precursors

If there is a �1 Myr age gap between CAIs and chond-
rules, and accretion and differentiation of planetesimals
predated or overlapped with chondrule formation and
d Al Ka (blue) (a and c) and Ni Ka map (b and d) of the CB
drite Isheyevo. Both meteorites contain abundant chemically-zoned
uld have resulted from a single-stage process, possibly from a gas-
2005a). In addition, Isheyevo contains ferromagnesian porphyritic
d by evaporation-condensation processes. (For interpretation of the
version of this paper.)
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accretion of chondrite parent bodies, fragments of these
early differentiated planetesimals may be expected within
chondrites or even among chondrule precursors. Libourel
and Krot (2006) described coarse-grained lithic clasts of
forsteritic olivine with granoblastic textures inside type I
chondrules from CV chondrites (Fig. 22) and concluded
that these clasts are relict and may represent fragments of
thermally processed, metamorphosed or differentiated,
asteroids. The relict origin of the clasts has been confirmed
by oxygen–isotope measurements, which revealed lack of
isotope equilibrium between olivine of the clasts and host
chondrule pyroxenes (Chaussidon et al., 2008).

High-temperature annealing experiments of Whattam
et al. (2008) showed that formation of granoblastic textures
requires sintering and prolonged (several days), high-tem-
perature (>1000 �C) annealing, conditions which are not
expected in the protoplanetary disk during chondrule for-
mation (e.g., Desch and Connolly, 2002), but could have
been achieved in planetesimals. If these clasts are indeed
fragments of thermally processed planetesimals, which were
present among chondrule precursors, it will place important
constraints on the early Solar System chronology. More
work is required to test this hypothesis.
Fig. 24. Oxygen–isotope compositions of chondrules and CAIs in the C
QUE 94627. In ‘‘a” and ‘‘b”, data are plotted as d17O vs. d18O. In (c), the
column represents data for a single chondrule or a refractory inclusion. E
are 2r. Magnesian cryptocrystalline (CC) chondrules in Isheyevo, MA
compositions (D17O = �2.2 ± 0.9& and �2.3 ± 0.6&, respectively), co
Ferromagnesian chondrules (Type I and Type II) show large variation
melting of isotopically diverse precursors. Most Isheyevo CAIs are 16O-r
3.7. Metal-rich carbonaceous (CB and CH) chondrites and

their chronological significance

Chondrules and metal grains in CB chondrites are min-
eralogically, chemically and isotopically unique. (i) A high
proportion of metal grains in the CB chondrites Hammad-
ah al Hamra 237, QUE 94411 and MAC 02675 are chemi-
cally-zoned and appear to have formed by gas-solid
condensation followed by some annealing (Meibom et al.,
2001; Campbell et al., 2001; Petaev et al., 2001; Zipfel
and Weyer, 2007). (ii) The CB chondrules are Fe,Ni-me-
tal-free and have exclusively magnesian compositions
(Fa<3 and Fs<3) and non-porphyritic (cryptocrystalline or
skeletal) textures, flat REE patterns, young 207Pb–206Pb
ages and show no evidence for repeatable melting (lack of
relict grains, igneous rims, and independent compound
chondrules). Some cryptocrystalline chondrules occur as
inclusions inside chemically-zoned metal condensates (Krot
et al., 2001c, 2005a). (iii) In contrast to other chondrite
groups, chondrules and metal grains in CB chondrites show
mass-dependent fractionation effects in Mg, Fe and Ni iso-
topes (Gounelle et al., 2007; Zipfel and Weyer, 2007). Based
on these observations, it was suggested that CB chondrules
and metal grains formed during a single-stage, highly-ener-
H/CB-like chondrite Isheyevo and CB chondrites MAC 02675 and
same data are plotted as deviation from the TF line, as D17O; each

rror bars in ‘‘a” and ‘‘b” are not shown for clarity; error bars in ‘‘c”

C 02675 and QUE 94627 have nearly identical oxygen–isotope
nsistent with an impact-plume origin as gas-liquid condensates.
s in oxygen–isotope compositions, consistent with their origin by
ich.
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getic event, possibly from a gas-melt plume generated by a
collision between planetary embryos (Campbell et al., 2002;
Rubin et al., 2003; Krot et al., 2005a).

A single-stage formation mechanism and measured
207Pb–206Pb ages of CB chondrules provide a unique oppor-
tunity for anchoring short-lived isotope systematics, such as
60Fe–60Ni, 182Hf–182W, and 53Mn–53Cr, to an absolute
timescale. For example, (i) Bizzarro et al. (2007b) reported
a preliminary 60Fe–60Ni isochron for chondrules and metal
grains from the CB chondrite Gujba with the initial
60Fe/56Fe ratio of 5 � 10�8, which allows to put upper limit
on the initial 60Fe/56Fe ratio in the Solar System as (4–
6) � 10�7, consistent with the estimates by Tachibana
et al. (2006). (ii) Kleine et al. (2005) reported tungsten–iso-
tope composition (eW) of CB metal, which, however, has a
large error bar and overlaps with the inferred initial solar
value (Fig. 3 in Kleine et al., 2005). Since CB metal and sil-
icates are co-genetic, this can be used to obtain precise
182Hf–182W isochron for the CB chondrules and metal
grains. (iii) Chondrules in CB chondrites show large varia-
tions in Al/Mg ratio: cryptocrystalline chondrules have
olivine–pyroxene normative compositions and are highly
depleted in Al2O3 (<0.1 wt%) whereas skeletal chondrules
composed of olivine, Al-rich pyroxenes and anorthitic glass
are enriched in Al2O3 (up to 10–12 wt%). The large range in
Al/Mg ratios between these co-genetic chondrules can be
potentially used to obtain a precise 26Al–26Mg isochron
for CB chondrules by MC-ICPMS.

207Pb–206Pb ages of chondrules from CV (Connelly
et al., 2008), CR (Amelin et al., 2002) and CB chondrites
(Krot et al., 2005a) indicate that chondrule formation
started �1 Myr after CAIs and lasted for 3–4 Myr. The in-
ferred duration of chondrule formation can be used to con-
strain a lower limit on the life-time of the protoplanetary
disk (Russell et al., 2006). Based on the nearly complete
lack of fine-grained matrix material and porphyritic chond-
rules, Krot et al. (2005a) suggested that CB chondrules
formed after dissipation of dust (gas could have been still
present) of the protoplanetary disk. If this is the case, the
use of the CB chondrule ages for constraining life-time of
the protoplanetary disk could be problematic. This hypoth-
esis, however, is inconsistent with the recently inferred ge-
netic relationship between the CB and CH chondrites
(Krot et al., 2008d; Krot and Nagashima, 2008). Both
groups contain abundant Fe,Ni-metal grains and magne-
sian non-porphyritic chondrules having similar textures,
mineralogy (Fig. 23) and oxygen–isotope compositions
(Fig. 24). In addition, CH chondrites contain 16O-rich
refractory inclusions, some with the canonical 26Al/27Al ra-
tio (Krot et al., 2008a), and abundant porphyritic chond-
rules formed by melting of the mineralogically diverse
solid precursors, including CAIs (Fig. 14; Krot et al.,
2008d). Krot and Nagashima (2008) concluded that non-
porphyritic magnesian chondrules in CH chondrites formed
during the same event that resulted in formation of CB
chondrules. They were subsequently size sorted and ac-
creted together with other chondritic components (porphy-
ritic chondrules and refractory inclusions) formed by
different processes into CH parent body. These observa-
tions may indicate that some solids were still present in
the protoplanetary disk at the time of the CB chondrule for-
mation. As a result, 207Pb–206Pb ages of CB chondrules can
be used to constrain life-time of the protoplanetary disk.

4. CONCLUSIONS

(1) Mineralogical observations, chemical and oxygen–
isotope compositions, and absolute (207Pb–206Pb)
and relative (26Al–26Mg) chronologies of primitive
chondrite components are consistent with shock-
wave models of their formation and with an external,
stellar origin of 26Al; they are inconsistent with the x-
wind model of the origin of chondritic components
and a local, irradiation origin of 26Al.

(2) CAIs and AOAs were the first solids formed in the
solar nebula �4567 Myr ago, possibly within a peri-
od of <0.1 Myr. CAIs and AOAs formed during mul-
tiple transient heating events in a nebular reservoir
with 16O-rich (D17O � �24 ± 2&) composition and
high ambient temperature, either throughout the
inner protoplanetary disk (1–4 AU) or in a localized
nebular region near the proto-Sun (<0.1 AU) and
were subsequently dispersed throughout the disk.

(3) The 26Al-poor [(26Al/27Al)0 < 1 � 10�5), 16O-rich
CAIs may have formed prior to injection and/or
homogenization of 26Al in the early Solar System.

(4) A small number of igneous CAIs in ordinary, ensta-
tite and carbonaceous chondrites, and a large num-
ber of CAIs in metal-rich, CB and CH, chondrites
are 16O-depleted (D17O > �10&) and have initial
26Al/27Al ratios similar to those in chondrules
(<1 � 10�5). These CAIs could have experienced
melting and isotope exchange during chondrule
formation.

(5) Chondrules and most of the matrix materials in prim-
itive chondrites formed during multiple transient
heating events throughout the inner protoplanetary
disk 1–3 Myr after CAIs in the presence of 16O-poor
(D17O > �5&) nebular gas. The majority of chond-
rules within a chondrite group may have formed over
a much shorter period of time (<0.5–1 Myr), but the
data are inconclusive.

(6) The existing data indicate that there is an age gap of
at least 1 Myr between the formation of CAIs and
chondrules. This gap may reflect the nature of chon-
drule-forming mechanism(s); e.g., if generation of
chondrule-forming shock waves requires formation
of Jupiter and/or planetesimals were involved in
chondrule formation. Both may require time delay
of chondrule formation.

(7) CAIs and AOAs were present in the regions
where chondrules formed, probably close to the
accretion regions of the chondrite parent bodies
(1–4 AU), indicating that CAIs were present in
the protoplanetary disk as free-floating objects
for at least 4 Myr. Many CAIs, however, were
largely unaffected by chondrule melting, suggest-
ing the chondrule-forming events experienced by
a nebular region were small in scale and limited
in number.
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(8) Chondrules and metal grains in CB chondrites
formed during a single-stage, highly-energetic event
�4563 Myr ago, possibly from a gas-melt plume pro-
duced by collision between planetary embryos. A
unique, single-stage origin of chondrules and metal
grains in CB chondrites, about 5 Myr after CAIs,
can potentially link several relative chronometers
(e.g., 60Fe–60Ni, 182Hf–182W) to an absolute
(207Pb–206Pb) time–scale.

(9) 7Be–7Li, 10Be–10B, 41Ca–41K, and 60Fe–60Ni system-
atics of CAIs and chondrules are important for
understanding of astrophysical setting of Solar Sys-
tem formation and origin of short-lived radionuc-
lides, but so far have limited implications for the
chronology of the chondritic components.

(10) The chronological implication of oxygen–isotope
compositions of chondritic components are limited
at the moment. Oxygen isotopes can potentially play
a very important role for understanding the origin,
stellar vs. irradiation, of short-lived radionuclides in
the early Solar System and distinguishing early vs.

late formation of 26Al-poor CAIs.
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