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Introduction: Chondrites are made of a mixture of
components (Ca-Al-rich inclusions (CAls), chondrules
and matrix) that experienced different thermal histories
and show diverse isotopic compositions [1]. Isotopic
analyses show that the most refractory components in
chondrites could have formed in a very short interval
of time (within ~160 kyr) from condensate precursors
formed even in a shorter time (~20 kyr) [2, 3, 4]. These
timescales are comparable to the assembling time of a
protoplanetary disk from its collapsing parent cloud
[5]. As a consequence, the formation of precursor
components of chondrites could have started during the
building of the disk itself. Following the model pro-
posed by [6, 7], we studied the distribution and thermal
alteration of dust (condensates, processed and pristine)
of different chemical composition during their
transport from the collapsing cloud to the forming disk
[8]. We found that the interplay between the collapse
of the Solar System parent cloud, the dynamics of gas
and dust of the forming disk, the different thermal
properties of the considered dust species and the loca-
tion in which the dust is injected in the disk, naturally
produce aggregates of components with different
thermal histories. Our calculations explain the overa-
bundance of refractory condensed species present
together with pristine dust in the colder region of the
outer disk, and also the very early formation of this
refractory dust in agreement with the short formation
timescales proposed from isotopic data.

One precious record of the protosolar collapse
phase in the refractory inclusions may be *°Al, a short-
lived radionuclide for which the highest initial abun-
dances (in terms of “Al/*’Al) have been measured in
CAls (the so-called canonical value, near 5.2x107).
Al is produced in different stellar environments [9];
to date, 2°Al produced by Wolf-Rayet type star is the
most accepted candidate source for the Solar Nebula
A1T10].

Al decays to **Mg with a half-life of ~700 kyr
[10]. The variable Al/*’Al ratios observed in CAls
and chondrules have been widely used to infer time
differences in the formation of these components [4,
11]. An important caveat, however, is whether differ-
ent °Al/*’Al ratios actually reflect time differences
between components or heterogeneities in the distribu-
tion of Al in the solar accretion disk [4, 12, and refer-

ences therein]. Indeed, discrepancies in the absolute U-
Pb ages and relative Al-Mg ages of chondrules [13],
and correlations between nucleosynthetic anomalies
such as >*Cr and radiogenic excesses of **Mg [14],
raise the possibility of strong “°Al heterogeneities in
the disk. No consensus exists on this question since
other observations are in favor of a homogenous distri-
bution of *°Al [15, 16, and references therein]. Here,
we use the model presented in [8] to explore how *°Al
heterogeneities in the parent cloud of the Solar System
would result in *°Al variations in different dust species
in the Sun’s protoplanetary disk, as a function of time
and distance to the Sun. In [8], refractory Al is hosted
in either high-temperature solar condensates, or pris-
tine presolar dust, or processed dust and/or conden-
sates.

Methods: We consider that in the cloud all *°Al is
in refractory species. This is consistent with the injec-
tion of all Al from an external independent source
(for example a Wolf-Rayet star), gaseous stellar *°Al
condensing into refractories when ejected from the star
[17]. We use two arbitrary “°Al distributions within
the cloud shown in Fig.1.
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Figure 1: Chosen initial distributions of *°Al in the cloud nor-
malized to their maximum value, and time scales of injection in the

forming disk.

Although arbitrary, these distributions are the two
simplest possible ones imposed by the results in [8]
and the fact that "normal" CAIs have canonical
2A1/7Al ratio. To be transported by viscous dissipa-
tion in the outer disk, where carbonaceous chondrites
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likely formed, CAls must be condensed within the first
80 kyr, from presolar material originating from the
center of the presolar cloud [8]. This requires the max-
imum (canonical) °Al/*’Al ratio in the presolar cloud
to be reached relatively close to its center (Fig. 1). The
two “°Al distributions considered here (Fig. 1) assume
an increase from essentially zero to this value within
the first 80 kyr, followed by either a decrease (red) or a
plateau (green).

Results and discussion: Figure 2 shows the result-
ing radial distribution of **Al/*’Al in refractory con-
densates and in the bulk (condensates + processed dust
+ pristine dust) for the two chosen distributions. Both
functions produce the same “*Al/’Al in refractory
condensates for R > 3 AU, while differences are seen
for R < 3 AU. This is due to the fact that refractory
condensates also form in the inner regions at the end of
the collapse inheriting the local **A1/*’Al from the gas
(26A1-poor for the red function, *’Al-rich for the green
function). A decrease in the anomaly (red function)
returns high concentration of *°Al for refractory con-
densates in the outer disk when compared with the
bulk, while the constant anomaly (green function)
produces bulk material with higher °Al/*’Al (this is
due to the contribution of pristine material and pro-
cessed pristine material to the *°Al budget).
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Figure 2: **Al/*"Al ratio in refractory condensates and refractory

bulk (condensates + processed + pristine) at the end of the collapse

(t~215 kyr) for the red function (top) and green function (bottom).

Note that the ratios plotted in Fig. 2 are average ra-
tios at a given heliocentric distance. In particular, the
0.8 plateau corresponds to a mix of 80 % CAIs with
canonical Al/*’Al and 20 % *°Al-free CAls having
formed very early (within the first 40 kyr in Fig. 1).
The proportions depend on the timing of *°Al injection

(Fig. 1), that is increasing *°Al earlier would increase
the fraction of canonical CAls. This scenario allows
the formation of (F)UN type CAls before the canonical
CAlIs, both types of CAls being present in CV chon-
drites.

For the green gradient, if chondrule precursors
formed in the same regions than canonical CAls, and
contemporaneously with them (see formation of sili-
cates in [8]), chondrules will inherit a canonical
A1/ Al ratio. Thus, the green case would predict that
A1/77Al differences between canonical CAls and
chondrules must be ascribed to time differences in
their formation. Note also that this scenario predicts
that the *°A1/*’Al of bulk chondrites (controlled by the
mass balance between condensates, pristine and pro-
cessed dusts) will be canonic, in agreement with ob-
servations [18].

In contrast, the red gradient predicts strong
A1/77Al differences in the disk between co-located
CAIs and bulk material (thus including chondrule
precursors). This would rule out the use of *°Al as a
chronometer, but this is at variance with the observa-
tion that bulk chondrites have canonical °Al/*’A1 [18].
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