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Abstract

The magnesium isotopic composition of Calcium-, Aluminium-rich Inclusions (CAIs) and chondrules from the CBb chondrites
HH237 and QUE94411 was measured using MC-ICPMS coupled with a laser ablation system.

CAIs from CBb chondrites exhibit limited mass-dependent fractionation (δ25Mg′ (DSM3) b1.3‰) and formed with unde-
tectable 26Al (26Al/27Al b4.6×10−6). Petrographic observations suggest that CBb CAIs are igneous. The magnesium isotopic
composition of CBb igneous CAIs contrast with that of CV3 igneous CAIs which are usually mass fractionated and formed with an
elevated initial abundance of 26Al. We contend that the absence of 26Al in CAIs is due either to a late formation in the case of a
stellar origin of 26Al, or to a lack of exposure to impulsive flares in the case of an irradiation origin of 26Al. In both cases, it implies
that a protoplanetary disk was present ∼4563 Ma ago, when CBb chondrites agglomerated.

Chondrules have δ25Mg′ (DSM3) varying from −0.80 to 0.95‰. A rough negative correlation is observed between the δ25Mg′
of chondrules and their 24Mg/27Al ratio. This correlation is attributed to evaporation rather than mixing. Contrary to CAIs,
chondrules from CBb chondrites have a magnesium isotopic composition similar to that of CV3 chondrules. This last result is
surprising as CBb chondrules are significantly different from CV3 chondrules in mineralogy and chemistry.

If chondrules from CBb chondrites formed in an impact-related vapour plume as proposed by Krot et al. [A.N. Krot, Y. Amelin,
P. Cassen and A. Meibom, Young chondrules in CB chondrites formed by a giant impact in the early Solar System, Nature 436
(2005) 989–992], our data show that physical conditions in the vapour plume were similar to those of the solar accretion disk at the
time and location of the formation of CV chondrules. We note that the oxygen isotopic composition of CAIs is incompatible with
their remelting in the putative impact vapour plume. Alternatively, it is possible that CBb chondrules formed in a protoplanetary
disk as the differences between these and “normal” CV3 chondrules can also be explained in term of spatial and temporal variations
of the protoplanetary disk. We show that their young Pb–Pb age is not an argument in favour of an impact origin as protoplanetary
disks can last as long as 10 Myr around protostars. If CBb chondrites formed in the solar accretion disk, we speculate they might be
the last formed chondrite group. Such a hypothesis might shed light on the unique properties of CBb chondrites.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Hammadah al Hamra 237 (hereafter HH237), Queen
Alexandra Range 94627 paired with Queen Alexandra
Range 94411 (hereafter QUE94411) and Mac Alpine
Hills 02675 define the CBb subgroup of the CB chon-
drite group [2]. CBb chondrites are enriched in 15N
relative to most other chondrite groups (δ15N ∼200‰),
and they exhibit the largest bulk enrichments (deple-
tions) in refractory (volatile) elements relative to CI of
all chondrite groups [2]. CBbs are made mainly of mm-
sized metal grains (∼70%) and chondrules as well as
fragments thereof (∼30%). A large fraction of the metal
grains are zoned in Ni, Co and PGEs relative to Fe [3–5].
Chondrules are magnesium-rich and have almost ex-
clusively cryptocrystalline and skeletal olivine textures
[6]. Minor components are Calcium-, Aluminium-rich
Inclusions (CAIs, b1%) [7] and extremely rare heavily
hydrated clasts of CI-like composition [8]. In the ab-
Fig. 1. Backscattered images of CAIs from HH237 and QUE94411. (a) HH23
extremely rare anorthite. (b) Close-up of HH237-CAI0 showing the relations
vein crosscuts the object. (c) QUE94411-CAI1 is made of melilite (mel), Ca-ri
is made of iron-rich spinel (sp) and a Ca-, Na-rich alteration silicate (alt).
sence of fine-grained matrix stricto sensu, these compo-
nents are held together by thin films of impact melts [9].

The large abundance of metal grains, their nearly
solar Co/Ni ratio, the reduced silicate mineralogy, and
the oxygen isotopic composition of CBb chondrites are
similar to that of Bencubbin, Weatherford and Gujba
(CBa chondrites) [2]. Compared to CBb chondrites, CBa

chondrites are characterized by the extreme rarity of
CAIs [6], larger enrichments in 15N, smaller Ni content
of metal, the absence of zoned metal as well as larger
chondrule sizes [2]. CBb chondrites also bear similar-
ities to the metal-rich CH chondrites which contain
zoned metal grains [10]. The discovery of the Isheyevo
meteorite that contains both CH-like and CBb-like litho-
logies further strengthens the link between CH and CBb

chondrites [11]. All these meteorites (CBas, CBbs, CHs)
form, together with the CR chondrites, the CR clan [12].
The properties of CBb chondrites, such as the high
abundance of metal (∼70%), the presence of zoned
7-CAI0 is made of melilite (mel) and spinel (sp) with rare fassaite and
hip between spinel (sp) and melilite (mel). A terrestrial alteration (alt)
ch pyroxene (px), spinel (sp) and perovskite (pv). (d) QUE94411-CAI2



523M. Gounelle et al. / Earth and Planetary Science Letters 256 (2007) 521–533
metal, their extreme enrichment (depletion) in refractory
(moderately volatile) elements, the absence of fine-
grained matrix, and their 15N enrichment distinguish
CBb chondrites from other chondrite groups [13].

The origin of CBb meteorites is strongly disputed.
Rubin et al. [14] suggested that they might result from
the impact between two asteroids. Alternatively, Krot
and collaborators suggested that CBb chondrites are
extremely primitive, the components of which formed
by condensation of a totally vaporized, dusty, region of
the solar nebula [15–17]. Because complete vaporiza-
tion would have required extremely energetic events,
Krot et al. [17] proposed that CBb chondrites formed
early in the history of the solar system, when high
accretion rates were prevailing in the solar disk. Support
for the primitive nature of CBb chondrites was provided
by Weisberg et al. [2] and Campbell et al. [3,4] who
pointed out that the chemical composition of CBb zoned
metal grains matches the calculated condensation evolu-
tion path in a “canonical” solar nebula.

Recently, the origin of CBb meteorites has been
thrown into upheaval. Using state-of-the art isotopic
techniques, Krot and collaborators measured a Pb–Pb
age of 4562.8±0.9 Ma for CBb chondrules, placing
their last Pb closure event ∼5 Myr after CV3 CAIs [1].
Assuming that accretion disks around young stellar
objects fade away on 1–3 Myr timescales, they
suggested that CBb chondrules and metal grains formed
in a protoplanetary impact [1], in line with the previous
suggestion of Rubin et al. [14]. Implications of this
finding are numerous.

First, if CBb chondrules formed in a protoplanetary
impact vapour cloud, they would be the first chondrules
for which the formation process had been unam-
Table 1
Chemical compositions of a diversity of phases in CAIs from HH237 and Q

Meteorite Object Na2O MgO Al2O3 SiO2 P2O5 SO2 K2O CaO

HH237 CAI0 bd 27.42 70.87 0.29 bd bd bd 0.3
HH237 CAI0 bd 0.63 34.68 42.58 bd bd bd 19.0
HH237 CAI0 bd 7.44 22.18 35.77 bd bd bd 24.4
HH237 CAI0 bd 3.13 29.14 27.31 bd bd bd 40.1
QUE94411 CAI1 bd 5.74 23.59 30.68 bd bd bd 36.1
QUE94411 CAI1 0.15 13.42 13.37 43.42 bd bd bd 23.4
QUE94411 CAI1 0.11 20.12 1.36 50.86 bd bd bd 22.0
QUE94411 CAI1 0.16 6.86 18.64 32.50 bd bd bd 40.0
QUE94411 CAI1 bd 4.14 27.21 27.65 bd bd bd 40.4
QUE94411 CAI1 0.21 6.48 19.77 31.41 bd bd bd 40.7
QUE94411 CAI1 bd 28.51 71.42 0.06 bd bd bd 0.0
QUE94411 CAI2 0.25 11.75 19.96 27.68 0.06 0.08 bd 25.1
QUE94411 CAI2 bd 27.73 70.05 0.28 bd bd bd 0.1

bd stands for below detection limit. Data in wt.%.
biguously identified, thus providing a benchmark for
understanding other chondrule formation mechanisms.
Second, if Pb–Pb data record a single event as an impact
between two protoplanetary bodies, they can be used to
tie relative ages obtained from short-lived radionuclides
to an absolute timescale [1].

The aim of the present paper is to report measure-
ments of the magnesium mass-dependent isotopic
fractionation of chondrules and CAIs from CBb

chondrites, as well as to provide some constraints on
the aluminium-26 content of CAIs at the time of their
formation. These data are useful for three reasons.
First, they add to the as yet incomplete database on
CBb chondrites for which isotopic measurements are
scarce [18–22]. Second, variations in the magnesium
isotopic composition record different physical pro-
cesses such as condensation and evaporation [23], and
these new data can potentially constrain the pressure
and temperature regime of CBb chondrule formation
(i.e. impact vs. nebular origin). Third, the origins of
CAIs in these enigmatic chondrites may be different
from that in other chondrite groups, and these dif-
ferences may be reflected in their Al–Mg isotope
systematics as well as their stable magnesium isotopic
composition.

2. Samples and experimental methods

We studied two HH237 thick sections (sample
BM2000, M9 and sections P12237 and P12241) from
the Natural History Museum (NHM, London) and
one QUE94411 thick section (QUE94411, 5) allocated
to us by the Antarctic Meteorite Working Group
(MWG). Scanning electron microscopy was performed
UE94411

TiO2 Cr2O3 MnO FeO NiO Total Mineralogy # of
analyses

8 0.53 0.50 bd 0.15 bd 100.14 Spinel 3
0 0.05 0.01 bd 1.58 bd 98.52 Anorthite 2
5 10.20 0.09 bd 0.49 0.02 100.64 Fassaite 5
8 0.07 0.03 bd 0.20 bd 100.05 Melilite 46
9 1.56 0.02 bd 0.76 bd 98.53 Fassaite 2
4 0.37 0.11 0.05 4.04 0.12 98.48 Pyroxene 1
3 0.06 0.09 bd 4.28 0.13 99.03 Pyroxene 1
2 bd bd bd 0.41 0.04 98.62 Melilite 1
3 0.07 bd bd 0.52 bd 100.03 Melilite 1
2 bd bd bd 0.52 bd 99.10 Melilite 1
4 0.40 0.38 0.06 0.54 bd 101.42 Spinel 1
6 2.49 0.19 bd 2.21 0.06 89.88 Alteration 1
4 0.25 0.53 0.03 1.76 0.10 100.86 Spinel 25



Table 2
Chemical compostions of a diversity of phases from chondrules of HH237 and QUE94411

Meteorite Object Na2O MgO Al2O3 SiO2 P2O5 SO2 K2O CaO TiO2 Cr2O3 MnO FeO NiO Total Type Phase Composition

HH237 R11 bd 53.58 0.14 41.88 0.05 bd 0.03 0.23 bd bd bd 4.61 0.03 100.56 SO Olivine Fo95.4
QUE94411 A1 bd 55.90 0.04 42.38 bd bd bd 0.25 bd bd bd 1.41 0.04 100.05 SO Olivine Fo98.6
QUE94411 A1 bd 55.68 0.14 41.85 bd bd bd 0.29 bd bd bd 1.74 bd 99.76 SO Olivine Fo98.3
QUE94411 A1 bd 55.86 bd 41.97 bd bd bd 0.24 bd bd bd 1.53 bd 99.65 SO Olivine Fo98.5
QUE94411 A1 0.03 55.89 bd 41.95 bd bd bd 0.28 bd bd bd 1.43 bd 99.61 SO Olivine Fo98.6
HH237 R1 bd 51.23 0.13 41.05 bd bd bd 0.25 bd bd bd 6.89 bd 99.60 SO Olivine Fo93.0
QUE94411 A1 0.19 54.82 0.39 41.95 0.09 bd bd 0.44 bd bd bd 1.47 bd 99.35 SO Olivine Fo98.5
QUE94411 A1 0.03 55.10 0.18 41.78 0.07 bd bd 0.35 bd bd bd 1.78 bd 99.32 SO Olivine Fo98.2
HH237 R11 0.06 19.36 17.93 47.04 0.05 0.06 0.03 10.22 bd bd bd 5.56 0.44 100.77 SO Pyroxene En64.9Wo24.6
QUE94411 A10 0.55 30.73 7.30 54.21 0.42 bd bd 3.28 bd bd bd 3.92 0.05 100.50 CC Pyroxene En87.1Wo6.7
QUE94411 A5 bd 27.75 9.77 52.02 bd bd bd 9.10 bd bd bd 1.76 bd 100.48 SO Pyroxene En78.7Wo18.5
HH237 R11 bd 19.87 16.74 45.35 bd 0.04 0.03 9.38 bd bd bd 8.56 0.36 100.35 SO Pyroxene En63.2Wo21.5
QUE94411 A5 bd 36.40 4.55 51.09 bd 0.04 bd 5.02 bd bd bd 3.15 0.02 100.33 SO Pyroxene En90.0Wo6.5
QUE94411 A5 0.04 32.03 4.84 55.42 bd 0.03 bd 5.20 bd bd bd 2.42 bd 100.01 SO Pyroxene En86.3Wo10.1
QUE94411 A5 0.04 26.94 10.26 50.70 bd 0.04 bd 9.89 bd bd bd 2.05 bd 99.94 SO Pyroxene En76.5Wo20.2
HH237 R11 bd 25.65 10.74 49.79 bd 0.05 bd 10.01 0.03 bd bd 3.09 0.06 99.42 SO Pyroxene En74.2Wo20.8
QUE94411 A10 0.34 33.91 3.65 55.38 0.06 bd 0.05 2.97 bd bd bd 2.67 bd 99.04 CC Pyroxene En90.3Wo5.7
QUE94411 CH11 bd 44.11 bd 56.41 0.06 bd bd 0.03 bd bd bd 0.98 bd 101.65 CC Mixture
QUE94411 CH9 0.04 43.66 0.47 55.91 bd 0.03 bd 0.32 bd bd bd 1.03 0.05 101.50 CC Mixture
QUE94411 CH7 0.08 41.39 2.88 53.53 0.06 0.05 bd 1.51 bd bd bd 0.96 0.04 100.55 CC Mixture
QUE94411 A10 0.13 36.96 2.87 54.49 0.08 bd bd 2.19 bd bd bd 2.79 bd 99.55 CC Mixture
QUE94411 A7 0.04 36.13 2.94 52.24 0.04 0.05 bd 6.71 bd bd bd 0.94 bd 99.11 CC Mixture
QUE94411 CH9 0.21 41.30 1.39 52.37 0.14 0.13 bd 0.50 bd bd bd 1.82 0.09 97.96 CC Mixture
QUE94411 A10 0.09 34.90 2.77 50.17 0.18 0.03 bd 2.08 bd bd bd 6.23 0.19 96.65 CC Mixture
HH237 R1 0.12 4.98 21.59 54.98 0.05 0.06 bd 16.01 0.03 bd bd 1.05 bd 98.89 SO Mesostasis
HH237 R1 bd 38.68 5.85 45.37 0.03 bd bd 4.61 bd bd bd 4.12 bd 98.72 SO Mesostasis
QUE94411 A1 0.07 4.99 21.93 50.29 0.03 0.05 bd 18.02 0.06 bd bd 0.39 bd 95.83 SO Mesostasis
QUE94411 A1 0.10 4.05 20.07 46.24 bd 0.03 bd 16.00 0.04 bd bd 0.57 bd 87.14 SO Mesostasis

bd stands for below the detection limit. Data in wt.%.
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at London, Orsay and Paris. Mineral compositions were
obtained at the Service Commun de Microscopie
(CAMPARIS — Université Paris 6) with a CAMECA
SX100 ElectronMicroprobe (EMP) operated at a 15 keV
acceleration voltage and a 10 nA current. Detection limit
of all oxides is ∼0.02 wt.%.

Magnesium isotopic analyses were carried out in
three different sessions (March, October and November
2005) at UCLA, using 193 nm laser ablation combined
with multiple-collector inductively coupled plasma-
source mass spectrometry (MC-ICPMS, ThermoFinni-
gan Neptune) following the sample-standard bracketing
method [24,25]. Laser spot size was between 55 and
100 μm and laser pulse repetition rates varied between 1
and 2 Hz, depending on the magnesium content of the
considered phase. Laser fluences varied between 20 and
25 J/cm2. Ablation was carried out in pure He gas with a
flow rate of ∼0.5 l/min. Ablation products were deli-
vered to the source of the MC-ICPMS instrument
following mixing with Ar gas (∼0.5 l/min). The
magnesium isotopic composition is reported relative
to the DSM3 standard [26] using the δiMg′ notation with
Fig. 2. Backscattered images of chondrules from HH237 and QUE94411 (a)
HH237-R. (c) Close-up of the SO texture. Olivine (ol) is enclosed in a glassy m
minerals and nickel-free iron metal (met) are set up in a silica-rich matrix.
δiMg′ =1000×ln((iMg/ 24Mg)sample / (
iMg/ 24Mg)DSM3),

i representing the masses 25 and 26. The linear (i.e.,
logarithmic) form of the delta values facilitates accurate
calculation of excess magnesium-26 [23]. Differences
with the more commonly used δ25Mg and δ26Mg is
however extremely small (∼0.05‰ for δ25Mg=10‰
[27]). When we compare literature data to our own data,
we use both δ25Mg′ and δ25Mg. On the DSM3 scale,
chondrites have δ25Mg′∼δ26Mg′∼0. Magnesium-26
excesses due to the decay of 26Al, hereafter δ26Mg⁎, are
calculated as δ26Mg⁎= δ26Mg′–δ25Mg′ / β where
β=0.521. The use of β=0. 521 for the mass-dependent
fractionation law, implying an equilibrium processes,
instead of β=0. 511, a likely minimum for a purely
kinetic processes affectingMg, or β=0.516 (the often-cited
value for Rayleigh fractionation), does not change the value
of δ26Mg⁎ in this study because δ25Mg′ and δ26Mg′ are
sufficiently close to zero as to render the influence of the
exact value for β negligible [27]. External reproducibility is
estimated to be ∼±0.25‰/amu (2σ) from repeated
analyses of mineral standards [24,25]. Errors on δ26Mg⁎

for CAIs are between 0.1 and 0.2‰.
Typical SO chondrule from HH237-J. (b) Typical CC chondrule from
esostasis (mes). (d) Close-up of the CC texture. Radiating unidentified
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3. Results

3.1. Mineralogy

HH237-CAI0 is a compact object made of melilite and
spinel with rare fassaite and extremely rare anorthite
(Fig. 1a,b and Table 1). It has some cracks and un-
identified alteration products, possibly formed during
terrestrial residence. Akermanite (Ak) content in melilite
varies from 0.2 to 37.4 mol.% (Ak=23.0 mol.%, average
of 46 analyses, where Ak is calculated as the average of
(1−Al/2)⁎100 and (Si−1)⁎100 with Al and Si being
the number of aluminium and silicon atoms relative to 7
oxygen atoms). Spinel has significant CaO (up to 0.48 wt.
%), TiO2 (up to 0.57 wt.%), Cr2O3 (0.50 wt.%) and low
FeO (0.17wt.%). Fassaite has TiO2 contents ranging from
7.5 to 12.5 wt.% (total Ti as TiO2). Because of the spinel
small size, some of the minor elements such as Ca could
be a contamination from the surrounding melilite.
Table 3
Magnesium isotopic compositions of CAIs and chondrules from HH237 and

Meteorite Object Analysis δ25Mg′ σm δ26Mg′ σm

HH237 CAI0 O3 1.31 0.04 2.23 0.0
HH237 CAI0 O4 0.32 0.11 0.42 0.1
HH237 CAI0 O5 0.41 0.10 0.86 0.0
HH237 CAI0 O6 0.69 0.07 1.44 0.0
HH237 CAI0 O7 0.70 0.05 1.38 0.0
HH237 CAI0 O8 0.78 0.09 1.10 0.1
HH237 CAI0 O9 0.54 0.07 1.15 0.1
HH237 CAI0 O12 −0.03 0.07 −0.09 0.0
QUE94411 CAI1 N3 0.84 0.06 1.83 0.1
QUE94411 CAI1 N6 0.79 0.05 1.80 0.1
QUE94411 CAI2 N2 0.02 0.07 0.01 0.0
QUE94411 CAI2 N8 0.09 0.13 0.00 0.1
HH237 R1 O1 0.15 0.07 −0.05 0.1
HH237 R1 O10 0.33 0.07 0.47 0.0
HH237 R11 O11 0.15 0.07 0.13 0.0
HH237 J2 M2 0.06 0.08 0.10 0.0
HH237 J3 M3 0.62 0.11 1.18 0.0
HH237 J3 M4 0.45 0.11 0.81 0.1
HH237 J5 M5 0.95 0.18 1.64 0.1
HH237 J5 M6 0.62 0.09 1.07 0.0
HH237 J5 M7 0.63 0.22 1.01 0.1
HH237 J9 M9 0.28 0.19 0.48 0.1
HH237 J10 M10 0.26 0.20 0.18 0.1
QUE94411 A1 N1 0.37 0.07 0.47 0.0
QUE94411 A4 N4 0.02 0.09 0.07 0.1
QUE94411 A5 N5 0.60 0.08 1.00 0.1
QUE94411 A7 N7 −0.07 0.08 −0.55 0.1
QUE94411 A9 N9 −0.35 0.09 −0.94 0.2
QUE94411 A12 N12 −0.49 0.07 −1.21 0.0
QUE94411 A10 N10 −0.15 0.07 −0.45 0.1
QUE94411 A11 N11 −0.80 0.07 −1.50 0.1

The delta values and their associated errors are expressed in ‰.
a For CAIs, we indicate the main mineral ablated. For chondrules, we indi

are always too small to be analyzed as such.
QUE9441-CAI1 is a compact object made of meli-
lite, diopside with varying amount of Al2O3 and TiO2,
minor spinel and rare perovskite (Fig. 1c, Table 1). The
akermanite content of melilite varies from 19.2 to
61.4 mol.%, although no clear zoning has been ob-
served. TiO2 content of fassaite is 9.8 wt.% (average of
two analyses). Spinel is low in FeO (0.54 wt.%).

QUE94411-CAI2 is a relatively fine-grained inclu-
sion made of euhedral spinel and alteration phases
(Fig. 1d, Table 1). The iron content of spinel is high (FeO
up to 3.4 wt.%, average 1.8 wt.%). The alteration phase
is an iron magnesium silicate enriched in Ca and Na. It
probably results from the alteration of the mesostasis.

Though there is no definitive evidence, we contend
that the CBb CAIs we studied are of igneous origin. CAIs
in our study are similar to those described by Krot et al.
[7] who report pyroxene±spinel±melilite objects as
the most common CAIs occurring in CBb chondrites.
The compact texture and the euhedral spinel shape of
QUE9441

27Al/24Mg σm δ26Mg⁎ σm Mineralogy a

6 4.10 0.12 −0.32 0.08 Melilite
9 6.41 0.21 −0.20 0.25 Melilite
9 7.16 0.13 0.07 0.21 Melilite
6 2.47 0.01 0.10 0.09 Spinel
5 4.54 0.04 0.03 0.11 Melilite
1 2.17 0.02 −0.42 0.12 Spinel
5 5.11 0.19 0.10 0.16 Melilite
9 0.99 0.07 −0.03 0.11 Melilite near edge
0 2.04 0.03 0.19 0.11 Melilite
4 2.66 0.04 0.26 0.17 Melilite
8 1.94 0.01 −0.03 0.10 Spinel
5 1.98 0.01 −0.17 0.16 Spinel
1 0.24 0.01 −0.34 0.12 SO
6 0.28 0.01 −0.16 0.14 SO
6 0.24 0.00 −0.16 0.08 SO
5 0.07 0.00 −0.02 0.12 SO
7 0.28 0.00 −0.03 0.16 SO
1 0.25 0.02 −0.06 0.12 SO
3 0.35 0.01 −0.21 0.24 SO
9 0.49 0.01 −0.14 0.14 SO
2 0.41 0.02 −0.22 0.30 SO
1 0.18 0.00 −0.07 0.27 CC
0 0.12 0.00 −0.32 0.28 CC
7 0.34 0.01 −0.25 0.13 SO
2 0.00 0.00 0.03 0.21 SO
0 0.20 0.00 −0.16 0.11 SO
2 0.07 0.00 −0.41 0.12 CC
1 0.01 0.00 −0.26 0.09 CC
7 0.01 0.00 −0.26 0.16 CC
4 0.09 0.00 −0.15 0.12 CC
2 0.00 0.00 0.06 0.11 CC

cate the type (SO or CC). In the case of chondrules, individual phases



Fig. 4. Al–Mg isochron diagram for CAIs. Filled circles are HH237-
CAI0. Squares (black triangle upward) are QUE9411-CAI1. Squares
(black triangle downward) are QUE94411-CAI2. The 26Al/27Al=
4.5×10−5 line is shown for reference.
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HH237-CAI0 suggest it crystallized from a melt
(Fig. 1b). The texture of QUE94411-CAI2 is similar to
that of a chondrule with euhedral spinels enclosed in a
(now altered) mesostasis, indicative of an igneous
nature. The compact texture of QUE94411-CAI1 is
somehow insufficient to demonstrate it has an igneous
origin. Based on crystallization experiments [28], it was
however demonstrated that the bulk chemistry as well as
the petrography of pyroxene±spinel± melilite CBb

CAIs is compatible with crystallisation from a melt [7].
We will therefore consider that the CBb CAIs studied
here are of igneous origin, as originally suggested by
Krot et al. [7].

Analyzed chondrules are similar to the typical ske-
letal olivine (SO) and cryptocrystalline (CC) chondrules
previously described in CBb chondrites [6]. SO chon-
drules consist of olivine grains with variable composi-
tions set up in a glassy mesostasis (Table 2, Fig. 2).
Cryptocrystalline chondrules are very fine-grained that
make them difficult to analyze with present analytical
techniques. They are silica-rich and occasionally contain
nickel-free iron metal beads (Table 2, Fig. 2).

3.2. Mg isotopic composition

In HH237-CAI0, δ25Mg′ varies from −0.03±0.07‰
(1σ) to 1.31±0.04‰ (1σ) and δ26Mg′ varies from
−0.09±0.09‰ (1σ) to 2.23±0.06‰ (1σ) (Table 3 and
Fig. 3). All data fall on the terrestrial fractionation line.
No significant excess of 26Mg was found, indicating that
26Al was not extant when the Mg–Al system closed in
Fig. 3. Mg isotopic composition of CAIs. Filled circles are HH237-
CAI0. Squares (black triangle upward) are QUE9411-CAI1. Squares
(black triangle downward) are QUE94411-CAI2. Black line is the
terrestrial fractionation line (TFL).
HH237-CAI0. The data are sufficient to place an upper
limit on the initial 26Al/27Al ratio for this object of
8.0×10−6. No mineralogical control was observed on
the mass dependent isotopic fractionation in the CAI.

Because CAIs from QUE94411 are small, only two
data points were acquired for each inclusion (Fig. 3).
The δ25Mg′ and δ26Mg′ average values from
QUE94411-CAI1 are 0.82±0.08‰ and 1.81±0.18‰
(1σ) respectively. The average δ25Mg′ and δ26Mg′ from
QUE94411-CAI2 are 0.05±0.15‰ and 0.00±0.17‰
(1σ) respectively. All data fall on the terrestrial
fractionation line within uncertainties. No detectable
excess of 26Mg was found in either inclusion, indicating
that the concentration of 26Al was negligible when
QUE94411 CAIs crystallized. The spread in 27Al/24Mg
(from 1.94 to 2.66) is too small to calculate a rigorous
upper limit for the 26Al/27Al ratio for these objects based
on the slope in the Al–Mg evolution diagram.

Regression of all three CBb CAIs together (i.e.
putting the HH237 CAI together with the two CAIs of
QUE 94411), results in an upper limit for the initial
26Al/27Al ratio for these objects of 4.6×10−6 (Fig. 4).

Chondrules from HH237 have δ25Mg′ and δ26Mg′
varying from 0.06±0.08 to 0.95±0.18‰ (1σ), and from
−0.05±0.11 to 1.64±0.13‰ (1σ) respectively. Chon-
drules from QUE94411 have δ25Mg′ and δ26Mg′
varying from −0.80±0.07 to 0.60±0.08‰ (1σ), and
from −1.50±0.12 to 1.0±0.10‰ (1σ) respectively. All
data fall on the terrestrial fractionation line within un-
certainties (Fig. 5). There is no intrachondrule variation
at the 2σ level (Table 3). Note that, given the analytical



Fig. 6. δ25Mg′(DSM3) vs. 24Mg/27Al for chondrules. Full grey squares
are QUE94411 chondrules. Filled grey circles are HH237 chondrules.
Some QUE9441 chondrules were omitted for the sake of clarity
(containing virtually no aluminium, they plot on the far right). Open
diamonds are Allende (CV3) chondrules from Bizzaro et al. (2002)
[30]. Open triangles are Allende (CV3) chondrules from Galy et al.
(2000) [29]. The dashed thick line is the Allende (CV3) mixing line
between the CAI AG178 and matrix [29].
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precision of the laser ablation method and the low
27Al/24Mg ratio of chondrules (b0.5), even a canonical
or supracanonical 26Al/27Al would be undetectable. The
reported data therefore do not constrain the initial
26Al/27Al ratio of the chondrules.

4. Discussion

4.1. Chondrules

4.1.1. Mixing, evaporation and condensation
Fig. 6 shows the relationship between the δ25Mg′

and the 24Mg/27Al ratios of chondrules. The observed
rough negative correlation can result from evaporation
(concomitant enrichment of the Al/Mg ratio and the
δ25Mg′ due to the more refractory nature of alumi-
nium compared to magnesium), or by mixing between
a magnesium unfractionated, aluminium-poor end
member (matrix) and a fractionated, aluminium-rich
end member such as a CAI. CBb chondrules roughly
fall on a curve proposed by Galy et al. [29] defined by
Allende chondrules and the Allende CAI AG178
(Fig. 6). Note that Allende chondrules recently
measured by Bizzarro et al. [30] also fall on the
Galy et al. curve (Fig. 6). If the curve is due to mixing,
it means that CV3 and CBb chondrules result from the
mixing of two identical end-members, one of which
was similar to Allende CAI AG178. In so far as the
Mg/Al of AG178 is not representative of all CAIs, the
mixing scenario seems unlikely. An alternative is that
the curve is the result of evaporation under conditions
that prevent substantial Mg isotope fractionation.
Fig. 5. Mg isotopic composition of chondrules. Full grey squares are
QUE94411 chondrules. Filled grey circles are HH237 chondrules.
4.1.2. The low mass-dependent fractionation of
chondrules

CBb chondrules exhibit a similar mass fractionation
range as Allende chondrules, i.e. they have δ25Mg′
varying from −0.80 to 0.90‰ (this work) while Allende
chondrules have δ25Mg′ varying from −0.32 to 0.86‰
[29,30]. The similarity in the Mg isotopic composition
of QUE94411 and HH237 (CBbs) and Allende (CV3)
chondrules is striking in view of their numerous dif-
ferences in term of mineralogy and chemistry [1,17].
Lunar spherules, although different in mineralogy, bear
some textural similarities with chondrules [31], and also
show little evidence for magnesium mass dependent
fractionation [32]. It seems, therefore, a general obser-
vation that round, once-molten, silicate spheres evapo-
rated (as suggested by variable Mg/Al) in physical
conditions such that magnesium isotopic fractionation
was suppressed. Two possibilities have been envisioned
for suppressing magnesium isotopic fractionation dur-
ing evaporation: evaporation at high magnesium partial
pressure or at high total gas pressure [23]. The first
possibility can result if chondrules formed in close
proximity to each other [23,33], and the second results if
the evaporating gas remains closely bound to its parent
chondrule by virtue of slow diffusion through a high
background number density of H2 [34]. Although the
rough negative correlation between δ25Mg′ and the
24Mg/27Al ratio (Fig. 6) might shed light on the



Fig. 7. δ25Mg′(DSM3) vs. 24Mg/27Al for CAIs. Filled circles are
HH237-CAI0. Squares (black triangle upward) are QUE9411-CAI1.
Squares (black triangle downward) are QUE94411-CAI2. Upper
triangle, square, lower triangle and diamond are CV3 CAIs data from
the Chicago group [37, 38], Galy et al. [29], the Copenhagen group
[30, 36] and the UCLA group [25] respectively. Filled symbols are
igneous CAIs. Open symbols are non-igneous CAIs.
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chondrule-forming mechanisms, it is difficult to distin-
guish between these two possibilities at present.
Because radically different types of chondrules as well
as lunar impact spherules show similar limited mass
dependent magnesium isotope fractionation, these data
offer little constraint on the origin of CBb chondrules.

4.2. CAIs

4.2.1. The low mass-dependent fractionation of CAIs
CAIs in CBb chondrites exhibit limited mass-

dependent fractionation, with two of the three CAIs
analyzed having slightly higher 25Mg/24Mg ratios
than chondrites (DSM3). The average δ25Mg′ of all
CAIs data points is 0.54‰. This enrichment in the
25Mg isotope is modest in comparison to igneous CAIs
overall [35].

Although recent high precision work has consider-
ably improved our knowledge of CAIs magnesium
isotopic composition, it is not yet clear what the mag-
nesium isotopic composition of igneous CAIs in CV3
chondrites is as a group. While the UCLA laboratory
[24,25] consistently reports high δ25Mg′ values for
igneous CAIs (few to 8‰), the Copenhagen laboratory
reports a wide range of isotopic compositions for ig-
neous CAIs (we retained as igneous CAIs the ones
labelled type B by [30]). Out of 11 igneous CAIs ana-
lyzed by [30,36], 5 are high in 25Mg/24Mg (δ25Mg N2‰
on the DSM3 scale), 6 have little mass-dependent frac-
tionation (δ25Mg between −1 and +1‰) and 1 is low in
25Mg/24Mg (δ25Mg=−1.94‰). Data from the Chicago
group [37] are consistent with those of UCLA; eleven
igneous CAIs (type B or compact type A, considering
E13 as a type A CAI [38]) out of the twelve measured by
Simon et al. [37] have high δ25Mg relative to the DSM3
standard (δ25Mg N1.25‰). Only E62 is low in 25Mg/
24Mg (δ25Mg=−1.25‰).

The difference between the Copenhagen data set and
the Chicago and Los Angeles data sets can be further
appreciated when looking at Fig. 7. The differences
could be due either to a lack of statistically significant
sampling, discrepancies in CAI categorization, admix-
ture of light matrix material into CAIs while microdril-
ling polished slabs or a combination of all three
possibilities. We observe that among the igneous CAIs
measured in Copenhagen and having a low 25Mg/24Mg
ratio, all but one have low 27Al/24Mg ratios compared to
typical Allende igneous CAIs. The 27Al/24Mg of CV3
CAIs measured by the Copenhagen group [30,36] varies
from 0.09 to 3.4 (average 1.7) using MC-ICPMS (with
2% relative precision) while values for CV3 CAIs
reported by Simon et al. [37] and measured by INAA
have 27Al/24Mg ratios of 1.6 to 5.3 (average 2.4) [38].
Based on these observations, we will conclude that ig-
neous CV3 CAIs generally have high δ25Mg′ (δ25Mg′ N
1.25‰) relative to chondrite (DSM3).

Given that typical igneous CAIs in CV3 meteorites
have high δ25Mg′, the low δ25Mg′ of igneous CAIs in
CBb chondrites (δ25Mg′ b1.3‰) stands out as an im-
portant feature. These observations suggest that CBb

CAIs formed in a physical environment unlike that of
igneous CV3 CAIs. The nearly chondritic 25Mg/24Mg of
CBb CAIs suggests further that these objects may have
formed in a region of higher total gas pressure or higher
magnesium partial pressure that prevented free evapo-
ration of Mg while the CAIs were in the molten state.

4.2.2. The non-detection of 26Al in CBb CAIs
CAIs in CBb chondrites did not contain appreciable

26Al when the Al–Mg system closed (26Al/27Alb4.6×
10−6). The question is whether CBb CAIs contained

26Al
when they first formed, or whether the absence of 26Al is
due to secondary event(s) provoking the redistribution of
the Mg isotopes and erasing a putative record of
aluminium-26 decay. Our Mg isotope data suggest that
the CBb CAIs did not contain 26Al when they first
formed and that the lack of 26Mg⁎ is not the result of
diffusive reequilibration in CBb CAIs. The intercept
δ26Mg⁎0 of the Al–Mg evolution line (see Fig. 4) is zero
within error (−0.12±0.10‰, 2σ) for HH237-CAI0,
suggesting it first formed without much 26Al.
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For example, if HH237-CAI0 had formed with an
initial 26Al/27Al of 4.5×10−5, and magnesium isotopic
redistribution occurred in a closed system (i.e. within the
CAI itself, e.g. [25,39]), δ26Mg⁎0 should be equal to
103×(26Al/27Al)0 /0.13982×(

27Al/24Mg)bulk. This CAI
is made essentially of spinel (27Al/24Mg=2.53) and
melilite with 27Al/24Mg larger than 4.7, meaning that its
(27Al/24Mg)bulk is certainly greater than 2. HH 237
CAI0 should have, therefore, a minimum δ26Mg⁎0 of
0.644‰, which is clearly not the case. On this basis it
seems this CBb CAI did not contain 26Al when it first
formed and one can infer from this that the lack of
26Mg⁎ is not the result of diffusive reequilibration in
CBb CAIs in general. This conclusion is supported by
petrographic observations that show little alteration of
CBb CAIs (see also [7]), while CV3 CAIs for which the
Al–Mg is so clearly disturbed show clear evidence for
secondary heating and sometimes remelting [40].

The absence of 26Al in CBb CAIs is reminiscent of the
situation observed in the closely related CH chondrite
group [41]. In the Acfer 182 CH chondrite, 17 CAIs out
of 18 are devoid of 26Al. There are three possible in-
terpretations for the genuine absence of 26Al in CAIs;
(1) CAIs with no 26Al could have formed extremely
early, before 26Al injection by a star such as a supernova
[42]; (2) CAIs with no 26Al could have formed late, i.e.
2.7Myr (for 26Al/27Alb4.6×10−6) after those CAIs that
formed with a supercanonical 26Al/27Al ratio of 6×
10−5; and (3) CAIs in CBb chondrites were never ex-
posed to impulsive flares, assuming an irradiation origin
for 26Al [43,44]. The first two possibilities rely on the
assumption of an homogeneous distribution of 26Al,
usually associated with a stellar origin for 26Al [45]. In
the third case, different amounts of 26Al in different
primitive objects reflect only different levels of irradi-
ation, and have no chronological meaning [46,47].

If CBb CAIs formed before injection of aluminium-
26 by a supernova, they were either free floating in the
solar accretion disk for ∼5 Myr (the difference between
the Pb–Pb ages of CBb chondrules and CAIs) or were
stored in a parent-body for a similar time span. Because
the residence time of 100 μm CAIs in the solar accretion
disk is ∼106 yr [48], the former possibility is unlikely.
Even if turbulence keeps them free-floating in the solar
accretion disk [49], it is difficult to understand why
common porphyritic chondrules were not delivered to
the impact plume together with CAIs, since these are
much more common chondritic components than CAIs
[50]. In addition, the observation that each chondrite
group has its own set of chondrules in term of texture,
mineral composition or size argues for the absence of
mixing on the scale of the disk on large timescales.
CBb CAIs thus formed extremely early (before 26Al
injection) only if they were stored in a parent-body for at
least 4.4Myr. In the context of a collisional origin for CBb

meteorites, the CBb CAIs belonged either to the impactee
or the impactor and survived the impact, as first suggested
by Wasson (personal communication), by analogy to the
proposed history of CH chondrites [51]. Krot et al.
suggest that CAIs were remelted in close proximity to the
CB chondrule-forming region [6], i.e. in the impact
plume. This is however incompatible with the oxygen
isotopic composition data. The low temperature limit in
the chondrule-forming region is estimated to be 1800 K
[6]. At that temperature, a 400 μm CAI takes only a
few hours to equilibrate its original oxygen isotopic
(δ17OSMOW∼δ18OSMOW∼−50‰) composition with the
ambient gas (δ17OSMOW∼ δ18OSMOW∼0‰) if one
assumes a liquid diffusion coefficient of D∼1.9× 10−8

and the relationship t=L2 /D. This timescale is probably
far shorter than the chondrule formation timescale [6]. It is
undoubtedly shorter by one to two orders of magnitude
than the zoned metal formation timescale [5]. As CBb

CAIs have an oxygen isotopic composition different from
that of CBb chondrules [7], we conclude therefore that
CBb CAIs were not remelted in the putative impact cloud.
Given the estimated minimum temperature of the
collision plume (N1800 K), our conclusion casts some
doubt on the existence of such a cloud.

We showed above that it is unlikely CBb CAIs formed
early in the history of the solar accretion disk. We there-
fore favour possibilities (2) and (3) for the formation of
CBb CAIs. In case (2) which assumes a straightforward
chronological meaning for aluminium-26, CAIs formed
late. In case (3), the absence of aluminium-26 indicates a
lack of exposure to impulsive flares which generates
aluminium-26 through 3He and proton irradiation [43].
In the chronological model developed by [46], compat-
ible with an irradiation origin of aluminium-26, CBb

CAIs are expected to form at the same time as CBb

chondrules, i.e. some Myr after CV3 CAIs. If CAIs
formed late, assuming that CAIs are formed in a disk
[52], it means that a solar accretion disk still existed
when they formed. If a solar accretion disk was able to
generate CAIs, it might also have generated chondrules.

4.3. Chondrule formation and accretion disk timescales

The main argument for a giant impact origin for CBb

chondrules is their young age [1], as well as their single
stage formation [6]. The suggestion is that CBb chon-
drules formed 5 Myr after the CV3 CAIs, and that this
long timescale is incompatible with an accretion disk
origin as infrared excesses in the spatial energy
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distributions of young solar-mass stars disappear over a
timescale of 1–3 Myr.

Two aspects of the argument for a giant impact origin
for CBb chondrules are disputable. First, the measured
Pb–Pb age of CBb chondrules is 4562.8±0.9 Ma [1]
while CV3 CAIs best age is 4567.2±0.6 Ma [53]. We
note that the chondrule age is a weighted average of
different ages, and that its precision may therefore be
overestimated. Nonetheless, even at face value, these
data mean that the difference between CBb chondrules
and the oldest CV3 CAI is 4.4±1.5 Ma. This is less than
the 5 Myr quoted in Krot et al. [1]. Indeed, error bars
also allow the time difference to be as little as 2.9 Myr. A
common view, based on the assumption that 26Al was
homogeneously distributed in the solar accretion disk
and can be used as a fine-scale chronometer [54], is that
most chondrules from a diversity of carbonaceous and
ordinary chondrites groups formed later than a few Myr
after CV3 CAIs (see e.g. Fig. 3c of [55]). This late
formation of carbonaceous and ordinary chondrites
chondrules never before raised the question of the
longevity of the solar circumstellar disk. If the minimum
age separation of 3 Myr is too long for CBb chondrules
to have formed in the nebula, then one is forced to argue
that chondrules from other chondrite groups also did not
form in the nebula.

In addition, we point out that some low-mass stars still
have a disk after 3 Myr of evolution. Roughly 60% of the
stars from the η Chameleontis cluster (∼9 Myr old) have
an accretion disk [56]. In the three clusters NGC 2264,
NGC 2362, and NGC 1960, only half of the disks
disappear on a 3 Myr timescale, and the overall disk
lifetime is estimated to be ∼6 Myr [57], well within the
4.4Myr interval obtained for the CBb chondrules andCV3
CAIs. One should keep in mind that the abundance and
lifetime of disks are lower limits, since observation
capabilities detect only dust of a limited size and tem-
perature [58]. We are not arguing that all solar-mass stars
still possess a disk after 4.4 Myr of evolution, only that a
significant fraction of them do. It is incorrect to argue that
the relatively young age (4.4±1.5 Ma after CV3 CAIs) of
CBb chondrules is a proof of a giant impact origin on the
basis that there was no longer an accretion disk.

Because CBb chondrules are not that old (the lower
limit of their age difference with CV3 CAIs is only
2.9 Myr), and because accretion disks can survive a lot
longer than 1–3 Myr as argued by Krot et al. [1], there is
no strong need for a giant impact origin for CBb chon-
drules. Other arguments put forward by [1], i.e. the lack
of fine-grained interchondrule matrix had been inter-
preted previously by the same authors as an indication of
the primitiveness of CBb chondrites [9].
5. Summary and speculations

Our Mg isotope data for CBb chondrules shows that
they are similar to many other once-molten millimeter,
silicate-rich spherules in the solar system, having nearly
chondritic 25Mg/24Mg ratios. These data permit either a
nebular or a collisional origin. Although the peculiar
chemical, petrographic and mineralogic properties of
CBb chondrules are compatible with a condensation
origin, the precise astrophysical setting could be either
an impact vapour cloud [1] or the solar accretion disk
[17]. We note, however, that the formation of relatively
young chondrules in a solar accretion disk is not incom-
patible with the astronomical observations of young
stellar objects, contrary to the claim of [1].

The magnesium isotopic composition of CBb CAIs is
a stronger constraint for the origin of CBb chondrites.
Their lack of magnesium mass dependent isotope
fractionation and absence of 26Al during their forma-
tion, in addition to their 16O-poor nature (relative to
other CAIs), distinguish them from CV3 CAIs. We
suggest that CBb CAIs did not form early in the history
of the solar system, and favour instead, on the basis of
lack of 26Al, either a late origin, assuming a chrono-
logical meaning for aluminium-26, or formation in the
absence of impulsive flares in the evolving Sun that may
have produced 26Al. In the latter case, we contend for
consistency that CBb CAIs formed contemporaneously
with CBb chondrules. Because, as far as we know, a
solar accretion disk is needed to make CAIs, and lacking
clear evidence that a collision would produce CAIs,
there is no reason to assume that a late date of origin for
CBb CAIs is indicative of a collisional origin for CBb

chondrites. The young age of CBb CAIs may comprise
instead a strong constraint on the longevity of the solar
accretion disk. The low magnesium mass dependent
fractionation of CBb CAIs might be indicative of an
environment with higher total gas pressures than the
environment where CV3 CAIs formed.

We propose, in line with the ideas proposed by
[46,47], that the data for both CAIs and chondrules of
CBb chondrites are consistent with their formation in the
solar accretion disk, and that they were brought together
to form parts of the CBb parent body possibly by a
x-wind mechanism [59]. Based on Pb–Pb ages, CBb

components formed late comparatively to CV3 chon-
drites. In such a scenario, the differences observed
between CBb chondrites and e.g. CV3 chondrites can be
ascribed to physical changes with time of the solar
accretion disk. The rarity of CAIs and their lack of
aluminium-26 in CAIs are compatible with an overall
decrease of X-ray activity of protostars with time [60].
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The absence of matrix in CBb chondrites indicates a
decrease of fine-grained dust with time in the accretion
disk. The absence of recycling among CBb chondrules
might be an evidence for the exhaustion of the energy
source for making chondrules. CBb chondrites would thus
be the last formed group of chondrites in the solar
accretion disk. Such a status might explain some of the
bizarreness of CBb chondrites.
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