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Evidence for Widespread 2°Al in
the Solar Nebula and Constraints

for Nebula Time Scales

S. S. Russell, G. Srinivasan, G. R. Huss, G. J. Wasserburg,
‘ G. J. MacPherson*

A search was made for 2°Mg (26Mg*) from the decay of 26Al (half-life = 0.73 million years)
in Al-rich objects from unequilibrated ordinary chondrites. Two Ca-Al-rich inclusions
(CAls) and two Al-rich chondrules (not CAls) were found that contained 2%Al when they
formed. Internal isochrons for the CAls yielded an initial 2Al/27Al ratio [(2°Al/27Al),] of 5
X 10785, indistinguishable from most CAls in carbonaceous chondrites. This result shows
that CAls with this level of 26Al are present throughout the classes of chondrites and
strengthens the notion that 26Al was widespread in the early solar system. The two Al-rich
chondrules have lower 26Mg*, corresponding to a (26Al/27Al), ratio of ~ 9 X 107©. Five
other Al-rich chondrules contain no resolvable 2°Mg*. If chondrules and CAls formed
from an isotopically homogeneous reservoir, then the chondrules with 26Al must have
formed or been last altered ~2 million years after CAls formed; the 26Mg*-free chondrules
formed >1 to 3 million years later still. Because 2°Mg*-containing and 26Mg*-free chon-
drules are both found in Chainpur, which was not heated to more than ~400°C, it follows
that parent body metamorphism cannot explain the absence of 2°Mg* in some of these
chondrules. Rather, its absence indicates that the lifetime of the solar nebula over which
CAls and chondrules formed extended over ~5 million years.

The short-lived radionuclide 26Al was
present 4.56 gigayears ago in Ca-Al-rich
inclusions (CAls), which are preserved in
primitive meteorites (1-4). The inferred ini-
tial abundance of 2°Al (giving a 2°Al/?"Al
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ratio of ~5 X 107°) would have been a
sufficient heat source for melting planetary
bodies a few kilometers in size if accretion
happened early enough and 2°Al was distrib-
uted throughout the solar system (5, 6). It is
now known that 2°Al is produced in the
galaxy at a rather high rate (7), but whether
it was broadly available when the solar sys-
tem formed at the high level corresponding
to a 2°Al/*?Al ratio of ~5 X 107 is not
clear. The short half-life of 2°Al [t, . =073
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million years (My)], which decays to 2Mg,
makes it possible to use the Al-Mg system as
a relative chronometer of early solar system
events, provided that Mg isotopic differenc-
es between two objects are a function only of
formation age or differences in evolutionary
history and not of gross nebular isotopic
heterogeneities within the solar system. For
example, differences in Al-Mg systematics
have been used to suggest that the events
responsible for forming CAls and chon-
drules may have been separated in time by
perhaps several million years (8, 9). How-
ever, if 2°Al was heterogeneously distribut-
ed, the observed . isotopic differences be-
tween chondrules and CAls could simply be
a reflection of that heterogeneity, in which
case they would carry no chronologic signif-
icance. Clearly, to evaluate the role of 2°Al
as a heat source and as a relative chronom-
eter of early solar system events, it is neces-
sary to know in detail the abundance and
distribution of Al in the early solar system.

Understanding the nebular 26Al distribu-
tion will require more data from noncarbona-
ceous chondrites (4). We have systematically
searched ordinary chondrites for CAls and
chondrules with phases having high Al/Mg
ratios (10) that are suitable for detecting ex-
cess Mg (*Mg*) from 26Al decay using
secondary ion mass spectrometry (SIMS). Our
goals were to compare the isotopic composi-

Fig. 1. (A) This CAl, im-
aged with backscattered
electrons (as are subse-
quent photos), consists of
clumps of melilite (Mel)
that encloses subordinate
spinel  (Sp), perovskite
(Pv), and hibonite (not visi-
ble on photo). The individ-
ual clumps are separated
by intervening meteorite
matrix. Each clump has a
thin (~1 to 2 wm) rim of
aluminous diopside. (B)
Euhedral olivine (Ol) and
spinel crystals are dis-
persed in an ophitic matrix
of plagioclase laths (An)
enclosed by aluminous di-
opside pyroxene (Px).
Sparse iron-nickel metal
beads (bright) are also
present. (C) The texture of
this chondrule, with its
porphytitic spinel and oli-
vine crystals and dendritic
aluminous diopside crys-
tals all set in a glassy mes-
ostasis, is spectacular.

Moorabie
6076-5-1

50 um

Chainpur
1251-3-1

The small round black spots in the glass near the Sp label are ion microprobe pits. (D) The
dark forsteritic olivine bars (Fo) in this chondrule crosscut laths of anorthite and interstitial
fassaite (Fass). Rare corroded spinel grains are present but not visible in this photo. The
left side of the chondrule is brecciated, and the intervening fractures are filled with the
same terrestrial iron oxide (bright in this photo) that fills veins in the rest of the meteorite.
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tions of CAls and chondrules in ordinary
chondrites to each other and to their coun-
terparts in carbonaceous chondrites and to
establish, if possible, a relation between for-
mation times of Al-rich chondrules and CAls.
To minimize the possibility of Mg redistribu-
tion due to metamorphism, we focused our
study on chondrites of petrologic grade 3.6
and lower, that is, those that show little evi-
dence of mineral chemical homogenization.
Polished thin sections of H, L, and LL
chondrites from the U.S. National Meteorite
Collection were examined by optical and
electron microscopy. Because CAls in ordi-
nary chondrites are both rare and small (11),
we used systematic x-ray elemental area map-
ping for Al, Ca, and Mg at a scale sufficient to
resolve grains ~5 pwm across (12). The chon-
drules present different problems. Normal fer-
romagnesian chondrules do not contain pri-
mary phases with sufficiently high Al/Mg ra-
tios to permit detection of 2°Mg*. We there-
fore concentrated on searching for chondrules
that contain plagioclase as a primary igneous
phase; however, we also selected for measure-
ment a chondrule that contains abundant
Na-rich glass with a high Al/Mg ratio. Our
criteria for recognizing igneous plagioclase
were: (i) the feldspar appears texturally to be
an early crystallizing phase whose crystalline
shapes determine rather than are determined
by those of the ferromagnesian phases; (ii) the
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plagioclase is calcic in composition, generally
bytownite or anorthite rather than the more
common sodic varieties produced during
chondrite metamorphism; and (iii) the order
of appearance of plagioclase in the texturally
inferred crystallization sequence accords with
that predicted by phase equilibria for a liquid
having the bulk composition of the respective
host chondrule.

We applied the elemental mapping tech-
nique to 22 thin sections from 9 primitive
ordinary chondrites, and located 7 Al-rich
chondrules and 1 CAI suitable for Al-Mg
measurements. We also analyzed a second
CAl, identified in the earlier work of
Bischoff and Keil (13). We analyzed miner-
als in these objects with an electron micro-
probe (14) and calculated bulk compositions
of the chondrules using modal mineral abun-
dances (15). Isotopic analyses were per-
formed on suitable minerals (16).

CAls. The two CAls we analyzed are
from Moorabie (L3.4) and Semarkona
(LL3.0). Moorabie 6076-5-1 (Fig. 1A) is a
melilite-rich inclusion, petrologically similar
to the “Fluffy” Type A inclusions described
in CV3 meteorites (17); its bulk composition
plots toward the gehlenite end of the field
for CV3 CAls within the CaO-MgO-ALO;-
SiO, (CMAS) tetrahedron (Fig. 2). Se-
markona 1805-2-1 is a blue hibonite-rich
CAI (11, 13). The mineralogy of this inclu-

Chainpur ¥
1251-14-1 §




sion resembles those of rare blue hibonite-
and melilite-bearing inclusions in Murchi-
son (18); its bulk composition is more SiO,-
poor and AlOs-rich than those of CV3
CAls (Fig. 2). The melilite-spinel pair in
Moorabie 6076-5-1 gives a (*°Al/*’Al), ratio
of (4.9 = 1.4) X 107°. The same phases in
Semarkona 1805-2-1 give a (**Al/*’Al), ra-
tio of (4.7 = 1.5) X 107°. Thus, both CAls
have 2Mg* abundances (Table 1) consistent
with a (2°Al/27Al), ratio of ~5 X 10~° (Fig.
3), which is the value observed in most CAls
in carbonaceous chondrites (4). Both CAls
show evidence for mass-dependent fraction-
ation of Mg. The mean Mg isotopic values
for spinel and melilite in Moorabie, and for
melilite in Semarkona, are ~5 per mil per
atomic mass unit in favor of the heavy iso-
topes. The Mg isotopes in spinel in the Se-
markona CAI appear to be unfractionated.

Chondrules. All seven of the Al-rich
chondrules have textures (19) indicating
that they solidified from melt droplets. Two
of the chondrules are porphyritic (Chainpur

1251-14-1 and 1251-3-1; Fig. 1, B and C),

Fig. 2. Bulk compositions of Al-rich
chondrules, Type | Mg-rich chon-

one is a barred chondrule (Inman 5652-1-1;
Fig. 1D), two have radiating plagioclase tex-
tures (Chainpur 1251-14-2 and 5674-2-1),
Krymka 1729-9-1 has granular olivine and
plagioclase, and Moorabie 6076-5-2 has an
intergranular texture. Only for the Moorabie
chondrule is there ambiguity about whether
it might be a broken fragment of a once-
larger object. All but one of the chondrules
contain plagioclase that is highly calcic in
composition, generally with more than ~75
mol% of the anorthite component and in
some cases as much as 98% (19). Chainpur
1251-3-1 does not contain plagioclase. In-
stead, the groundmass consists of Na- and
Al-rich glass. The bulk compositions of the
Al-rich chondrules differ from those of CAls
and also from those of normal ferromagne-
sian chondrules. They are more SiO,-rich
than those of CV3 CAls (Fig. 2), and many
are more MgO-rich as well. In Fig. 2, the
Al-rich—chondrule trend does not extend
from the CAI trend but, rather, truncates it
at a high angle and extends between anor-
thite and the clustered compositions of Type

Al,0,

drules [<2.5% FeO; data from (38)),
and CAls from CV3 chondrites plot-
ted in CMAS (in weight percent). To

@ Al-rich chondrules
O CAls
O Type 1 chondrules

Corundum

Hibonite

give better visual reference to the
locations of- points in the tetrahe-
dron, vertical drop lines are shown
for each point; note that these are
not projection lines from the Al,O4
apex. The thick dashed line is the
trajectory for bulk condensed solids
from equilibrium condensation cal-
culations (39). Neither Al-rich chon-
drules nor ferromagnesian chon-
drules define compositional trends
that are particularly consistent with
equilibrium condensation.

MgO

Spinel

Gehlenite
\

Anorthite

Forsterite sio,

Enstatite

Fig. 3. Al-Mg evolution diagrams
for (A) Moorabie 6076-5-1 and (B)
Semarkona 1805-2-1. Melilite (filled
squares) contains 26Mg*, whereas
spinel (open circles) does not. The
correlation of 26Mg/*Mg  with
27Al/?*Mg ratios in both of these
CAls indicates that the ?Mg* was
originally incorporated in the CAl as

0.144

0.143

0.142

0.141

0.140

26Al, which subsequently decayed @
in situ to ?®Mg. The slopes of the ? 0.139
correlation lines give the initial ratios @
26AI/27Al, which are indistinguish- ?

able from 5 X 1075, 0.141 |

0.140 |

0.139 L

27Al/2eMg
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1 (MgO-rich) normal chondrules from un-
equilibrated ordinary chondrites. Therefore,
the Al-rich chondrules are intermediate in
composition between the Type 1 chondrules
and CV3 CAls, but only in the sense that
Al-rich chondrules generally have a higher
SiO, and MgO content than do the CAls;
the three groups of objects do not define a

Table 1. Al-Mg isotopic data for chondrules and
CAl in ordinary chondrites. All errors are 2¢.

26|

Mineral (Ser'\r/lngill) 27AI/29Mg
Semarkona 1806-2-1

Mel 1 89+24 21715
Mel 2 66+15 16.5=*1.1
Mel 3 55+38 192=*+13
Mel 4 6.5 + 6.1 20.7 + 3.3
Mel 5 73+24 185=*19
Sp 1 29+28 3.09 *0.29
Sp2 1.3+32 371+0.35
Sp3 1.7+27 379 +0.36
Sp 4 23+x26 2.60=*0.25
Spb -01+x29 295+0.28

Moorabie 6076-5-1
Mel 2 71+48 239*23
Mel 4 5435 15917
Mel 7 6.2+50 31.0x1.8
Mel 8 54+57 185=*19
Mel 10 209 +82 41.4=*40
Mel 11 20.8 82 584 *417
Sp 1 -04+27 1.7 = 0.17
Sp 2 -04+28 3.2 + 0.31
Sp3 09+23 21 +0.2

Inman 5652-1-1

Plag 1 22+35 424=*20
Plag 2 8364 927 *44
Plag 3 1818 11.0+0.6
Plag 4 12+36 295+22
Plag 5 6.1 +59 413%x23
Plag 6 24+70 293+28
Plag 7 47 46 33135
Plag 8 1.8+x42 222+2A1
Plag 9 23+53 39.0x37
Ol 07+09 (677 =0.04) x 10738

Chainpur 1251-3-1
Ol 1 -05*+15 (1.48=0.07) x 1073
ol 2 -01 =14 (1.62*0.02) x 1073
03 -05*14 (1.65+0.03) x 1072
Sp 1 —-1.5=*2.1 2.50 =:0.08
Sp 2 -03+19 249 *0.08
Sp3 -1.9+17 260+ 0.08
Sp 4 -1.1x13 2.53 +0.08
Sp 5 -0.1x17 249 *0.08
Sp 6 -1.3 21 2.54 = 0.08
Sp7 -02+x18 2,51 *+0.08
Gl 1 1.6 £ 4.1 56.7 £ 5.7
Gl 2 37837 539*+54
GI3 1642 527 *53
Gl4 23+38 465+47
Gl 5 3635 53453
Gl6 41+35 534=*54
Gl7 22+35 53.0*x53
Gl 8 3.7+38 b546=*55
Gl 9 -0.1x36 61.7x6.2
Gl 10 2.2 £ 3.1 571 £57
Gl 11 33x29 644*+65
Gl 12 28+26 585*x59
Gl 13 1.0x25 5835+54
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linear trend. Chainpur 1251-3-1 differs from
the other Al-rich chondrules in having >5%
Na,O by weight and thus does not plot in
the CMAS tetrahedron (Fig. 2). It is also
enriched in MgO and SiO, as compared
with the other Al-rich chondrules. All seven
of these chondrules therefore differ in min-
eralogy and bulk composition from normal
ferromagnesian chondrules. The genetic re-
lationship between the two types of objects is
unclear.

Two Al-rich chondrules contain 2Mg*
(Table 1): Inman 5652-1-1 (Fig. 1D) and
Chainpur 1251-3-1 (Fig. 1C). A weighted
least-squares regression of the data for In-
man 5652-1-1 plagioclase and olivine (Fig.
4A) givesa (26A1/27Al)O ratio of (9.4 * 6.3)
X 1076, A regression of the olivine, spinel,
and glass data for Chainpur 1251-3-1 (Fig.
4B) gives a (*°Al/*7Al), ratio of (7.9 = 2.7)
X 1076 The remaining five chondrules
contain no resolvable 2Mg*. Upper limits
on (?°Al/?7Al)g ratio for the chondrules are
<4.2 X 1077 for Chainpur 1251-14-2; <1
X 1073 for Krymka 1729-9; <2 X 10°¢
for Chainpur 1251-14-1; <1.1 X 107° for
Chainpur 5674-2-1; and <4.1 X 107¢
for Moorabie 6076-5-2. No evidence was
found in any of these chondrules for mass-
dependent isotopic fractionation.

Evidence for 26Al and its significance.
Earlier evidence for 26Al in a CAI from an
ordinary chondrite came from a hibonite-
spinel fragment found in Dhajala (DH-H1)

that yielded a (*Al/*7Al), ratio of (8.4 =
0.5) X 107° (20). Hinton and Bischoff (20)
interpreted this result to mean that live 26Al
existed in the region where CAls in ordi-
nary chondrites formed, just as it did in the
region where carbonaceous chondrite CAls
formed, but at a substantially reduced level
than the latter. Subsequent work on DH-H1
has shown, however, that it is not a typical
CALl in terms of its other isotopic properties
(4, 21, 22). Our results suggest that most
CAIs from ordinary chondrites formed with
a (2%Al1/2"Al), ratio of ~5 X 107, like most
CAls from carbonaceous chondrites. Either
Al with that 2°Al/* Al ratio was common to
the regions of the nebula where carbona-
ceous and ordinary chondrite CAls formed,
or else both meteorite groups derived their
CAls from a single source region.

The Al-rich chondrules we analyzed have
a much lower (*Alf*?Al), ratio than that
found in CAls, and this comparison holds
true both across meteorite classes and within
individual meteorites such as Allende and
Moorabie. Out of 21 Al-rich chondrules and
fragments from carbonaceous chondrites
(23, 24), only 2 (both from Allende) con-
tained detectable 2Mg* corresponding to
(*6Al/*7Al), ratios of 6.1 X 107¢ and 2.6 X
1079 (23). Of several previous measurements
of Mg isotopes in non-CAI material from
ordinary chondrites (20, 24, 25), only two
yielded evidence of the original presence of
26Al: An olivine-pyroxene-anorthite clast

Fig. 4. Al-Mg evolution dia- 0.142

grams for the Al-rich chon- [ A
drules. (A) Inman 5652-1-1 [
contains 2Mg*-bearing plagio-
clase (filed squares) and olivine
(open circle) that has a terrestri-
al ?®Mg/?*Mg ratio. (B) Chain-
pur 1251-3-1 contains 26Mg*-

0141

0.140

(9.4+6.3) x10¢

bearing glass (filled triangles),
and olivine (filled squares) and

o©
o
%)
©

Tt :

spinel (open circles) that have a
terrestrial 26Mg/?4Mg ratio. Al-
though the cluster of glass
analyses from Chainpur 1251-
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from Semarkona gave a (*°Al/?”Al), ratio of
(7.7 = 2.1) X 107 (26), and plagioclase
crystals (petrologic context unknown) sepa-
rated from a bulk sample of Saint Marguerite
(H4) gave a (*°Al/?"Al), ratio of ~2 X 10~ 7
(27). Thus, although evidence of ?°Al has
been found in several chondrules, its original
abundance in these chondrules was clearly
lower than in CAls.

The measured difference in (*Al/27Al),
ratios between CAls (~5 X 107%) and
26Mg*-bearing chondrules (~1 X 107°)
has been variously interpreted in terms of
(i) differing degrees of isotopic resetting, by
later metamorphism, in groups of objects
that formed contemporaneously (28); (ii)
contemporaneous formation from reservoirs
with different (2°Al/>’Al), ratios [for exam-
ple, (29)]; and (iii) differences in times of
formation from an isotopically homoge-
neous reservoir (4, 8, 24, 30). We consider
each of these interpretations in turn.

If the isotopic difference between CAls
and chondrules is a result of later preferential
resetting of the Al-Mg isotopic systems in the
chondrules by element redistribution, then
the inferred (26A1/27Al)O ratios give no infor-
mation about the formation interval between
CAls and chondrules but instead refer to the
time of elemental redistribution during meta-
morphism. Wood (28) has advocated this
interpretation primarily because of the astro-
physical difficulties of storing CAls in the
nebula for 2 My before chondrules begin to
form, without their falling into the sun as a
result of drag-induced radial drift. Because of
the need to minimize the influence of meta-
morphism, our study, and that of Hutcheon
and Jones (24), concentrated on chondrites
of low metamorphic grade and looked for
chondrules with igneous plagioclase or unde-
vitrified Al-rich glass. The finding of 2Mg*
in the feldspathic glass of the Chainpur
chondrule 1251-3-1, but not in three other
chondrules from the same meteorite, suggests
that indeed metamorphism was not responsi-
ble for the observed isotopic patterns. The
glass should have been more susceptible to
diffusive redistribution of Mg during meta-
morphism than the plagioclase. Chainpur
(LL3.4) probably never experienced temper-
atures significantly in excess of ~400°C (31),
and calculations of diffusion rates for Mg in
plagioclase suggest that Mg isotopes should
not have been disturbed at that peak temper-
ature. At 400°C, Mg isotopes in a plagioclase
grain large enough to measure by SIMS (~50
pwm) cannot be equilibrated over the age of
the solar system [for a diffusivity D = 1 X
10727 em?/s, by analogy to strontium in an-
orthite; (32)]. Therefore, the Mg isotopes of
the chondrules must reflect the values at the
time of incorporation into the parent body. It
is possible that some of the Chainpur chon-
drules had their Al-Mg clocks reset prior to



accretion, either in the nebula or in earlier
formed bodies. However, if CAls and chon-
drules formed from the same isotopic reser-
voir, then the Chainpur chondrule with
26Mg* must have formed, or had its Al-Mg
system reset, ~2 My after the formation of
CAls, and the Chainpur parent body must
have been assembled >5 My after the forma-
tion of CAls.

An alternative possibility is that the isoto-
pic difference between CAls and chondrules
arose from isotopic heterogeneities in the neb-
ula. The most familiar variant of such a model
is that 26Al was irregularly distributed because
of incomplete mixing of presolar components.
For example, Wood (28) pointed out that the
Al-Mg data for chondrules comes primarily
from ordinary chondrites whereas that for
CAls comes from carbonaceous chondrites.
This difference implies that the accretion re-
gions of the two chondrite groups might have
been isotopically different. However, our data
demonstrate that CAls from unequilibrated
ordinary chondrites and carbonaceous chon-
drites commonly had the same (2°Al/27Al),
ratio. Moreover, Sheng et al.’s (23) demon-
stration that Al-rich chondrules from Al-
lende had low or zero (*Al*7Al), ratios
means that CAls and chondrules from a sin-
gle accretion region must have differed in
their original 26Al abundance. We therefore
think that it is unlikely that the Mg isotopic
differences between CAls and chondrules can
be attributed to isotopic differences in the
respective accretion regions of ordinary and
carbonaceous chondrites.

A different variant of the nebular hetero-
geneity model is that chondrules and CAls
formed from chemically and isotopically dif-
ferent fractions of a well-mixed dust reservoir
in which the 6Al was largely sited in refrac-
tory dust. Evaporation of dust mixtures would
preferentially drive off the volatile constitu-
ents, enriching the residue in refractory ele-
ments and 2°Al. Chondrules would form from
less chemically fractionated material, and
CAls from the more fractionated, less vola-
tile residue. A problem with this model is the
ubiquitous value for the (26Al/*7Al), ratio of
~5 X 1077 that is observed in CAls covering
a wide range of bulk composition: The model
not only predicts a wide range of (*°Al/*’Al),
ratios but also a correlation between (*°Al/
27Al), and bulk composition.

Yet a third variant of nebular heteroge-
neity is that there was local production of
26A1 in the nebula. Clayton and Jin (29)
suggested that 2°Al in the early solar system
was produced by energetic particles from
the sun irradiating a thin layer of the neb-
ula. Only refractory CAls would form in
this high-temperature, low-density environ-
ment, and in particular, would necessarily
do so late in order to accumulate sufficient
26A1. In this model, the relative 2°Al con-

centrations in chondrules and CAls would
reflect distances from the irradiated shell
and not time differences; indeed, CAls
could actually form later than the chon-
drules. Because the model requires that the
irradiation affects small grains that are then
assembled into larger objects, it suffers from
the difficulty of making centimeter-sized
CAls with a range of chemical composi-
tions that have the same (2‘5A1/27A1)0 ratio
(~5 X 107%). One implication of the mod-
el is that CAls with non-radiogenic nuclear
anomalies in other elements but no 2°Mg*
must form in a different place by a com-
pletely different process than normal CAls.

Interpreting the differences in (?°Al/
27Al), ratios among objects or groups of
objects in chronologic terms requires that:
(i) all objects formed from a single, isotopi-
cally homogeneous, reservoir; (ii) each in-
dividual object was a cogenetic mineral as-
semblage; and (iii) the objects subsequently
remained closed systems over solar system
history with respect to Mg or Al exchange,
either between the constituent mineral
phases or with the outside environment.
Our observations show that chondrules and
CAls satisfy the first requirement to the
extent that ordinary and carbonaceous
chondrite CAls formed with similar
(2Al/?" Al), ratios to each other, and chon-
drules likewise, indicating that different ac-
cretion regions did not differ substantially
with respect to Al isotopes. However, our
data do not by themselves preclude a model
in which chondrules and CAls formed in
separate and isotopically different regions,
then remixed equally into all of the various
accretion regions [for example, (29)]. Be-
cause chondrules and many CAls solidified
from molten droplets, an assumption of ini-
tial homogeneity in each individual object
is probably reasonable [the case for CAls
has been discussed in detail elsewhere (I,
4)]. With respect to isotopic resetting or
exchange, many CAls certainly have expe-
rienced secondary events that caused vary-
ing degrees of isotopic resetting of the Al-
Mg system. However, in most cases a signa-
ture of the original isotopic composition is
preserved, which is why the (%°Al/?’Al),
ratio of ~5 X 1077 is observed through the
CAI population (4). The chondrules may
well have experienced some resetting as
well, but the variability in isotopic compo-
sitions within just a single relatively un-
metamorphosed chondrite (Chainpur) sug-
gests that any resetting was preaccretionary.
Moreover, within the subset of chondrules
that contain resolved **Mg*; a rather con-
sistent isotopic signature in which the
(2°Al/27Al), ratio is ~1 X 1077 is begin-
ning to be recognized [(23); this study].
Interpreted in terms of formation time with
the above stated assumptions, the measured
SCIENCE e
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levels of *®Mg* corresponding to (%°Al/
27Al)y ~1 X 1072 in the Chainpur and
Inman chondrules constrain formation of
those objects to have taken place ~2 My
after the formation of CAl with a (?°Al/
27Al), ratio of ~5 X 1075

Constraints of the solar nebula time
scale, and on chondrule and CAI forma-
tion. The demonstration that the Al-rich
chondrules and CAls from ordinary chon-
drites are like their counterparts in carbona-
ceous chondrites in terms of their Mg-iso-
tope systematics implies that the nebula was
not spatially heterogeneous in its 26Al/2’Al
ratio on any large scale as a result of grossly
incomplete mixing of presolar components.
We can now argue that the ordinary and
carbonaceous chondrite accretion regions
were similar in 2°Al/27Al ratios in the re-
spective CAI and chondrule components. It
remains to be established how representa-
tive these materials are of the asteroid belt
or, for that matter, of the solar system. The
isotopic differences between chondrules and
CAls are most plausibly a result of differenc-
es in formation time, rather than selective
reprocessing and resetting of chondrule iso-
tope systems relative to those in CAls. Our
results do not by themselves rule out heter-
ogeneity models in which chondrules and
CAls formed either from different volatility
controlled fractions of nebular dust or in
distinct and isotopically different locales. If
the isotopic differences between the two
groups of objects reflect age differences, then
Al-rich chondrules were forming 2 My after
formation of most CAls. If CAls and Al-
rich chondrules are both nebular products,
then this time span is a minimum duration
for the nebular phase of the solar system.
[sotopic differences among the four Chain-
pur chondrules indicate that the Chainpur
parent body must have been assembled >5
My after the formation of CAls. Any reset-
ting of the isotope systems in those Chain-
pur chondrules with no detectable 2°Mg*
did not occur in the Chainpur parent body;
it either happened in the nebula or else took
place in an earlier generation of the parent
body, prior to accretion of Chainpur.

We have related the 2°Al1/27Al ratios to
the nebular time scales; however, the mech-
anisms that produce chondrules and CAls
and their connection with the nebular disc
are not resolved. There are no self-consis-
tent models for explaining the chemical
composition of the diverse chondrule types.
Shu et al. (33) proposed that different chon-
drules and CAls were formed during the disc
inflow by aerodynamic drag on small bodies,
which lifts them from the shaded disc to
expose them to radiation during the bipolar
outflow. Depending on the trajectories, par-
ticles are heated to varying degrees and some
are launched and return back to the disk.
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This avoids the problem of heating the disk

to

high temperatures at large radial distances

from the sun. For this appealing model,

th
dr
of

ere is a direct connection between chon-
ule and CAI production and the lifetime
the accretion disc. The inferred nebular

time scales from 2°Al and the dynamical
model are in reasonable accord. However,

th

is depends on the 2°Al responsible for the

observed *Mg* being initially present. If it
were produced (along with other nuclei)
during ejection on a rather short time of
exposure to varying degrees of proton bom-
bardment, then the time scale inferred from
the 26Al/?’Al ratio would not apply.

15.
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