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ABSTRACT

Calcium-aluminum–rich inclusions (CAIs) are millimeter-sized refractory objects commonly found in chondritic
meteorites and are the oldest solids formed in our solar system. Primary CAI formation may have occurred
through condensation and/or evaporation processes near the proto-Sun or, alternatively, during localized events
in the asteroid belt. As such, these objects provide us with a unique window into the earliest development of
the Sun and into the evolution of the protoplanetary disk. Here we report a26Al- 26Mg isochron for bulk CAIs
from four CV carbonaceous chondrites, which yields an initial26Al/ 27Al of (5.85 � 0.05) # 10�5, suggesting
that primary formation of the CV CAIs may have occurred within an interval as brief as 20,000 years. This
timescale is inconsistent with the secular evolution of T Tauri stars but may be consistent with CAI formation
during the infall stage of the protostellar evolution of the Sun. High-precision Mg isotope measurements of
samples from the Earth, Moon, Mars, and bulk chondrite meteorites show that these have identically elevated
26Mg abundances compared to the initial26Mg abundance (d26Mg* p �0.0317‰� 0.0038‰) defined by the
CAI isochron. This observation unequivocally demonstrates the homogeneous distribution of26Al within the
accretion region of the terrestrial planets. However, the initial26Mg abundance of CAIs implies a brief history
of elevated Al/Mg in CAI precursor material, which may represent primary condensation of refractory silicates
and oxides from the solar nebula.

Subject headings: astrochemistry — nuclear reactions, nucleosynthesis, abundances —
planetary systems: protoplanetary disks — solar system: formation

1. INTRODUCTION

With a half-life of ∼730,000 years, the26Al-to-26Mg decay
scheme is a high-resolution, relative chronometer for objects
formed in the first 5 Myr of the solar system (Lee et al. 1976).
The validity of the 26Al- 26Mg clock, however, relies on the
critical assumption that the26Al nuclide was injected, perhaps
from a nearby stellar source, and homogenized within the solar
nebula in a short period of time compared to its half-life (Gos-
wami et al. 2005). Alternatively, short-lived nuclides, such as
26Al, 41Ca,53Mn, and10Be, may have been locally produced by
energetic particle irradiation near the proto-Sun (Shu et al.
1997), resulting in their heterogeneous distribution in the ac-
cretion disk. However, the homogeneous26Mg abundance of
most inner solar system planets and planetesimals (Baker et al.
2005; Bizzarro et al. 2005) appears to support a stellar origin
for the 26Al nuclide and hence a homogeneous distribution of
26Al in the protoplanetary disk. A currently debated issue is
the timing and duration of the CAI-forming event(s), as this
provides important constraints regarding the astrophysical set-
ting of CAI formation. According to theX-wind model, CAIs
formed over the entire life span of the protoplanetary disk (∼3–
5 Myr) near the proto-Sun where they were exposed to intense
irradiation (Shu et al. 1997). Alexander (2004) proposed that
CAIs formed during transient heating events in the asteroid
belt, while others (e.g., Young et al. 2005) suggested that CAIs
formed in the innermost part of the protoplanetary disk (! 1AU)
over a short period of time (∼300,000 years).

A recent26Al- 26Mg study of six bulk CAIs from the Allende
CV carbonaceous chondrite indicated that these objects may

1 Geological Institute, University of Copenhagen, Øster Voldgade 10, DK-
1350 Copenhagen, Denmark; bizzarro@geol.ku.dk.

2 Geological Museum, Øster Voldgade 5-7, DK-1350 Copenhagen, Denmark.
3 School of Earth Sciences, Victoria University of Wellington, P.O. Box

600, Wellington, New Zealand.

have formed over a short time interval, possibly≤50,000 years
(Bizzarro et al. 2004). This is in contrast with chondrules, the
most abundant high-temperature component of chondritic me-
teorites, which appear to have formed over a time interval of
≥3 Myr (Amelin et al. 2002; Bizzarro et al. 2004; Krot et al.
2005a, 2005b; Kita et al. 2005). Evaporation and condensation
are believed to have been dominant processes during primary
CAI formation, and, subsequently, some CAIs experienced
melting accompanied by evaporation (MacPherson 2003). Fur-
thermore, the majority of CAIs appear to have formed within
a gaseous reservoir enriched in16O (Krot et al. 2002). To elu-
cidate the timing and duration of the CAI-forming event(s), we
have extended our26Al- 26Mg study of Allende CAIs to other
CV carbonaceous chondrites (Vigarano, Sahara 98044, and
North West Africa 779). Rare earth element (REE) analyses of
a subset of these CAIs show that they represent a wide range
of types, including objects with unfractionated (groups III and
V) and volatility-fractionated (group II) REE patterns. We also
report high-precisiond26Mg* measurements [the permil (‰)
excess in26Mg/24Mg produced by26Al ( 26Mg*)] for terrestrial,
lunar, and martian samples, as well as chondrite meteorites, in
order to assess the degree of26Mg (and 26Al) isotope hetero-
geneity in the inner solar system.

2. Mg ISOTOPE DATA FOR CAIs, TERRESTRIAL PLANETS, AND
CHONDRITES

Our new 26Al- 26Mg data for terrestrial and meteoritic ma-
terials are reported in Table 1. Reference samples from Earth
yield an averaged26Mg* p �0.0002‰� 0.0022‰ (2 s.d.),
providing an estimate of the reproducibility ofd26Mg* mea-
surements during the course of this study. Samples from the
Moon and Mars have meand26Mg* of 0.0012‰� 0.0031‰
and�0.0004‰� 0.0033‰, respectively, which are identical
to the terrestrial average. Likewise, four chondrite meteorites
have ad26Mg* value of �0.0010‰� 0.0023‰. These results
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TABLE 1
Al-Mg Isotope Data for CAIs, Terrestrial Planets, and Chondrites

Sample Type 27Al/ 24Mg
d26Mg
(‰)

d25Mg
(‰)

d26Mg*
(‰) n

BHVO-1 . . . . . . . . . . . . . . . . . Terrestrial basalt … �0.156� 0.076 �0.079� 0.034 �0.0003� 0.0093 9
J-11 . . . . . . . . . . . . . . . . . . . . . . Terrestrial olivine … �0.361� 0.049 �0.187� 0.024 0.0012� 0.0057 9
J-12 . . . . . . . . . . . . . . . . . . . . . . Terrestrial olivine … �0.010� 0.065 �0.006� 0.031 0.0007� 0.0084 9
SRM 980 . . . . . . . . . . . . . . . . Mg standard … �4.687� 0.020 �2.397� 0.010 �0.0013� 0.0069 8
Alfa Aesar . . . . . . . . . . . . . . . Mg standard … �3.429� 0.043 �1.754� 0.021 �0.0011� 0.0060 10
Vigarano . . . . . . . . . . . . . . . . . Carbonaceous chondrite … �0.368� 0.093 �0.190� 0.048 0.0002� 0.0083 7
Yilmia . . . . . . . . . . . . . . . . . . . . Enstatite chondrite … �0.409� 0.085 �0.210� 0.043 �0.0004� 0.0062 7
Kramer Creek. . . . . . . . . . . Ordinarychondrite … �0.246� 0.117 �0.126� 0.060 �0.0024� 0.0084 7
Tennasilm. . . . . . . . . . . . . . . . Ordinarychondrite … �0.044� 0.113 �0.026� 0.062 �0.0015� 0.0083 7
NWA 479 . . . . . . . . . . . . . . . . Lunar basalt … �0.436� 0.081 �0.225� 0.044 0.0023� 0.0053 7
EET 96008 . . . . . . . . . . . . . . Lunar basalt … �0.109� 0.098 �0.056� 0.047 0.0001� 0.0085 8
NWA 856 . . . . . . . . . . . . . . . . Martian basalt … �0.115� 0.092 �0.060� 0.050 �0.0016� 0.0054 8
NWA 2737 . . . . . . . . . . . . . . Martian dunite … �0.210� 0.084 �0.109� 0.039 0.0008� 0.0073 8
Allende-1-CAI9 . . . . . . . . . Fine-grained CAI 1.755 1.498� 0.108 0.415� 0.055 0.6892� 0.0200 4
Allende-2-CAI1 . . . . . . . . . Igneous CAI 0.200 �0.302� 0.188 �0.179� 0.097 0.0476� 0.0108 8
Allende-3-CAI1 . . . . . . . . . Igneous CAI 0.514 �0.774� 0.105 �0.492� 0.052 0.1842� 0.0102 6
NWA 779-1-CAI2 . . . . . . . Igneous CAI 0.093 �0.844� 0.179 �0.440� 0.093 0.0114� 0.0062 7
NWA 779-2-CAI1 . . . . . . . Igneous CAI 0.625 �0.698� 0.136 �0.465� 0.061 0.2154� 0.0151 6
NWA 779-2-CAI2 . . . . . . . Igneous CAI 0.148 �1.939� 0.114 �1.005� 0.057 0.0274� 0.0066 8
SAH 98044-CAI1a. . . . . . Fine-grained CAI 7.460 10.457� 0.237 3.767� 0.114 3.0848� 0.0086 3
SAH 98044-CAI1b. . . . . . Fine-grained CAI 5.634 10.574� 0.154 4.204� 0.084 2.3482� 0.0370 3
SAH 98044-CAI3 . . . . . . . Fine-grained CAI 6.423 9.601� 0.224 3.551� 0.109 2.6558� 0.0187 4
Vigarano-CAI2 . . . . . . . . . . Fine-grained CAI 3.510 5.082� 0.120 1.853� 0.075 1.4568� 0.0257 6
Vigarano-CAI3 . . . . . . . . . . Fine-grained CAI 0.783 �0.569� 0.119 �0.446� 0.063 0.3029� 0.0094 6

Notes.—Analyzed materials comprised fragments of CAIs∼1.0 mg in size sampled with tungsten carbide microdrills (300–500mm
diameter) from polished slabs of the meteorites as well as fresh meteorite and terrestrial rock fragments≥10 mg, which were digested
in HF-HNO3 acid at 130�C. After dissolution, an aliquot was retained for Al/Mg measurement by MC-ICPMS to�2%, and Mg was
separated from the other aliquot by cation exchange chemistry (AG50-X12 resin, elution in 1M HNO3). Mg isotope ratios were measured
by MC-ICPMS and are expressed as the permil deviation from the isotopic composition of the DSM-3 standard as follows:dxMg p
[(xMg/24Mg)sample/(

xMg/24Mg)DSM-3 � 1] # 1000. Thed26Mg* values are reported relative to the mean mass-bias–corrected26Mg/24Mg
obtained on bracketing DSM-3 standards (normalized to25Mg/24Mg p 0.12663). Errors are 2 s.e. To account for the natural isotope
fractionation present in CAIs, we use a 0.511 (kinetic) rather than a 0.521 (equilibrium) mass-dependent isotope fractionation relationship
betweend26Mg and d25Mg when calculating thed26Mg* value. This assumes that the natural mass-dependent isotopic fractionation
present in the CAIs was uniformly produced by kinetic processes. The robustness of our approach can be evaluated by only considering
the CAIs that show little or no mass-dependent fractionation as compared to average inner solar system materials (d25Mg p 0.0‰ �
0.5‰). Data for these CAIs are impervious to the choice of either a kinetic or an equilibrium mass fractionation law when calculating
the d26Mg*. When calculating thed26Mg* value using a 0.521 mass-dependent isotope fractionation relationship betweend26Mg and
d25Mg, seven CAIs withd25Mg ranging from�0.492‰ to 0.340‰ yield a statistically significant isochron corresponding to a [26Al/
27Al] 0 of (5.99 � 0.31) # 10�5 and an intercept of�0.0429‰� 0.0220‰. This result is identical within analytical uncertainty to
the regression parameters for the entire data set (Fig. 1), which validates the approach followed in this study.

show that inner solar system bodies that formed after extinction
of 26Al (Earth, Moon, and Mars) or with solar27Al/ 24Mg ratios
(chondrites) have a homogeneous26Mg abundance. Eleven new
analyses of bulk CAIs combined with our earlier high-precision
Mg isotope measurements of Allende CAIs (Bizzarro et al.
2004) define an isochron corresponding to an initial26Al/ 27Al
of (5.85 � 0.05) # 10�5 and an intercept (that is, an initial
26Mg abundance) of�0.0317‰� 0.0038‰ (Fig. 1). The CAI
regression intercepts the solar27Al/ 24Mg ratio (0.101� 0.004;
Palme & Jones 2003) at ad26Mg* value of 0.0103‰�
0.0038‰, that is, significantly higher than the present-day26Mg
abundance of Earth, Mars, and chondrites (Fig. 1,inset).

3. TIMING AND ASTROPHYSICAL SETTING OF CAI FORMATION

We interpret the bulk CAI isochron to record the original
Al/Mg fractionations associated with the CAI-forming event(s).
In contrast, internal mineral isochrons of individual CAIs, in
most cases, record secondary events such as thermal repro-
cessing and melting (Bizzarro et al. 2004; Young et al. 2005).
As such, the bulk CAI isochron dates the timing of the primary
formation of CAI material from the early solar nebula, which
may have occurred in a time interval as short as∼20,000 years,
as this corresponds to the analytical uncertainty of the isochron.
CAIs from CV chondrites appear to have formed within a very

restricted time interval, prior to thermal processing, transport
to the accretion zone(s) of chondrite parent bodies, and incor-
poration into these undifferentiated planetesimals. Thermal pro-
cessing of CAI material may have continued for a few hundred
thousand years (Young et al. 2005) or even up to a few million
years after the primary CAI-forming event(s) (Krot et al.
2005b). Moreover, the coexistence of CAIs and younger chon-
drules in individual chondrite parent bodies requires a residence
time for CAIs in the protoplanetary disk of12 Myr before their
ultimate incorporation in these chondrite parent bodies.

CAIs for which precise model ages can be calculated
(27Al/ 24Mg ≥ 0.3) display a range of ages of up to 111,000�
80,000 years, although these are all identical within the un-
certainty. We thus consider 100,000 years to be a conservative
estimate for the maximum duration of the CAI-forming
event(s), although it could be as short as 20,000 years. CAIs
from CV chondrites for which high-precision Mg isotope data
are available (Bizzarro et al. 2004 and this study) record large
stable isotope fractionations withd25Mg values ranging from
�3.1‰ to �6.8‰ (Table 1). Given the isochronous relation-
ship defined by these objects (Fig. 1), our study also constrains
the observed Mg stable isotope fractionations to have been
primarily imparted during or very shortly after the CAI-forming
event(s). This is based on some CAIs recording heavy Mg
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Fig. 1.—Al-Mg isochron diagram. Error bars are 2 s.e. and, in most cases,
smaller than the symbols. MSWDp mean square of weighted deviations.
The interpretation of the linear correlation as an isochron assumes that the
analyzed materials were derived from a unique Mg and Al reservoir, and this
appears valid given the self-consistency of the data set. Open squares are data
from this study, while gray squares are from Bizzarro et al. (2004). The ex-
tremely good fit of the isochron (MSWDp 1.08) for CAIs with different
stable Mg isotope ratios indicates that kinetic mass fractionation processes
were largely responsible for the observed stable isotope variability. In contrast,
calculatingd26Mg* using an equilibrium (0.521) rather than a kinetic (0.511)
mass-dependent isotope fractionation relationship betweend26Mg and d25Mg
does not produce an isochron, and yields the following regression parameters:
[26Al/ 27Al] 0 p (6.39� 0.29)# 10�5, initial d26Mg* p �0.058‰� 0.067‰
(MSWD p 27). Also shown as an inset is an enlarged view of the area of
the isochron defined by the dotted line in the lower left-hand corner of the
isochron diagram, which illustrates that the CAI regression intercepts the solar
27Al/ 24Mg ratio (0.101� 0.004; Palme & Jones 2003) at ad26Mg* value of
0.0103‰� 0.0038‰, that is, significantly higher than the present-day26Mg
abundance of Earth, Mars, and chondrites.

Fig. 2.—Thed26Mg* values for samples from terrestrial planets and chon-
drite parent bodies. Open squares are data from this study, while solid squares
are from Baker et al. (2005). Three basalts from Baker et al. (2005) and five
basalts and one mantle olivine from Bizzarro et al. (2005) are included in the
mean of Earth. Error bars are 2 s.e. for individual samples, and 2 s.d. for the
mean of Earth and CAI initiald26Mg*.

isotope compositions that are indicative of 25%–20% evapo-
rative loss of Mg (Davis & Richter 2003), and the modeling
of the data constrains partial evaporation of Mg (and conse-
quent increase in Al/Mg) in these objects to within 200,000
years of the CAI-forming event(s) for the isochron to be
preserved.

Our revised timescale for the CAI-forming event(s) places
constraints on the astrophysical setting of the CAI-forming
region. Astronomical observations of young stellar objects
(YSO) indicate that the brief CAI formation interval defined
by 26Al- 26Mg dating is inconsistent with the secular evolution
of T Tauri stars, since this stage typically lasts∼1–10 Myr
(Briceño et al. 2001). Rather, it corresponds to the timescale
of Class 0 and Class I YSOs (Andre´ & Montmerle 1994; Andre´
2002), that is, protostars deeply embedded in their nascent
molecular clouds and surrounded by infalling envelopes and
outflowing jets. In addition, the high-mass accretion rates typ-
ical of Class 0 and Class I YSOs (110�6 M, yr�1; Calvet et
al. 2000) yield disk midplane temperature estimates≥1500 K
within 2 AU of the central protostar (D’Allessio et al. 2005),
in agreement with temperature gradients inferred from the min-
eralogy and bulk composition of most CAIs (MacPherson
2003). This study thus supports models favoring CAI formation
during the infall stage of the protostellar evolution of the Sun,
at radial distances less than 2 AU (Wood 2004).

4. HOMOGENEOUS DISTRIBUTION OF26Al WITHIN THE INNER
SOLAR SYSTEM

The negative intercept of the CAI isochron (Fig. 1,inset) is
consistent with a solar27Al/ 24Mg 1 0 and with average solar

system material having elevated26Mg* as compared to an Al-
free reservoir having formed at the same time as CAIs. This
observation unequivocally demonstrates that the26Al nuclide
was widespread and homogeneously distributed in the inner
protoplanetary disk of the young solar system, since the Earth,
Moon, Mars, and chondrite parent bodies have identically el-
evated (within analytical uncertainty)d26Mg* compared to the
initial d26Mg* of �0.0317‰� 0.0038‰ defined by the CAI
isochron (Fig. 2). However, variability of up to 0.0084‰ in
the d26Mg* from the range of the weighted averages (given
their uncertainties) of these planetary bodies potentially allows
for a variation of∼15% in the initial abundance of26Al within
the accretion region of Earth, Moon, Mars, and chondrite parent
bodies. Numerical modeling indicates that such levels of ho-
mogeneity can be achieved within∼1000 years of injection of
26Al in the solar nebula (Boss 2006). As such, these results
cannot be reconciled with models proposing an origin for26Al
in CAIs solely by irradiation processes within the solar system,
which would lead to the heterogeneous distribution of this nu-
clide in CAIs and other solar system materials (Shu et al. 1997;
Clayton & Jin 1995; Gounelle et al. 2001). Instead, our data
support a stellar origin for26Al in an asymptotic giant branch
star (Wasserburg et al. 1995) or supernova (Cameron & Truran
1977), and rapid injection and homogenization of26Al in the
molecular cloud from which our solar system formed prior to
or during its collapse (Goswami et al. 2005).

5. A BRIEF HISTORY OF ELEVATED Al/Mg IN CAI PRECURSOR
MATERIAL?

The initial 26Mg abundance defined by the CAI isochron is
higher by 0.0103‰� 0.0038‰ compared to the solar system’s
initial 26Mg abundance estimated from an [26Al/27Al] 0 of (5.85�
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0.05)# 10�5 and the solar27Al/24Mg ratio defined by chondritic
meteorites (Fig. 1,inset). This observation can potentially be in-
terpreted in a number of ways: (1) CAIs have an exotic, nonsolar,
Mg isotope composition, (2) the abundance of the26Al nuclide
was diluted by∼15% in the accretion region of the terrestrial
planets compared to the CAI-forming region, (3) some (but not
most) of the26Al in the CAI-forming region has been generated
by energetic particle irradiation, and this irradiation component is
not present in the accretion region of the terrestrial planets, or
(4) there is a history of elevated Al/Mg in CAI precursor material
or CAI-forming reservoir.

The uniform Mg isotope composition (d25Mg and d26Mg*)
of most inner solar system planets and planetesimals (Baker et
al. 2005; Bizzarro et al. 2005; this study) is not easily reconciled
with an exotic Mg isotope composition for CAIs, or a lesser
abundance of26Al in the accretion region of the terrestrial plan-
ets compared to the CAI-forming region (that is,≤2 AU from
the young Sun). Furthermore, the extremely good fit of the
isochron supports solar24Mg and 25Mg abundances for CAIs
analyzed in this study, since a terrestrial25Mg/24Mg ratio is
assumed in the calculation of thed26Mg* value. An irradiation-
produced component in the26Mg* of CAIs is difficult to rec-
oncile with the fit of the isochron, since the production of26Al
by particle irradiation is not restricted to reactions involving
27Al. This can also occur through reactions with24Mg, 25Mg,
and 28Si (Gounelle et al. 2001), in which case the isochron
relationship of Figure 1 would not be readily preserved. Current
model compositions of the nebular gas do not differ signifi-
cantly from chondritic abundances for elements such as Al and
Mg (Palme & Jones 2003), and, as such, the timescales required
to produce the CAI initiald26Mg* by radiogenic ingrowth for
a reservoir with mildly suprachondritic Al/Mg (for example, a
25% increase) are on the order of∼600,000 years, which is
difficult to reconcile with the short timescale of the CAI-form-
ing event(s) inferred in this study. The initial26Mg abundance

defined by the CAI isochron is thus most easily understood if
it reflects a brief history of elevated Al/Mg in CAI precursor
material.

The majority of CAIs from CV chondrites are not simple
aggregates of pristine nebula condensates but suggest long and
complex histories, including multiple episodes of partial melt-
ing interspersed in some cases with secondary alteration
(MacPherson 2003). We infer that the CAI initiald26Mg* re-
cords a brief history of elevated27Al/ 24Mg in the immediate
CAI precursor material, which may represent primary conden-
sation of refractory silicates and oxides from the solar nebula.
Precursor material with27Al/ 24Mg of ∼2 would have rapidly
evolvingd26Mg* that in less than 15,000 years would result in
the CAI isochron being elevated by∼0.010‰ compared to
average solar system material. The CAI precursor material can
then undergo large Al/Mg fractionations by distillation and/or
evaporation and recondensation processes during the CAI-
forming event(s), as indicated by the large Mg stable isotope
variability recorded by the samples studied here. Our study
thus illustrates that although the formation of immediate CAI
precursor material and the main CAI-forming event(s) may
have occurred within a restricted time interval, the majority of
CAIs from CV chondrites do not preserve a record of primary
nebula condensation.
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