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Introduction: Two almost identical bulk-rock Mn-
Cr isochrons show that Mn was fractionated from Cr in
carbonaceous chondrites 4568±1 Myr ago [1, 2]. This
age is indistinguishable from the time of CAI
formation which is also the start of the solar system.
The age is puzzling because several studies suggest
that  chondrules  in carbonaceous chondrites were not
formed until several Myr later [3]. Either these ages
are incorrect, as Shukolyukov and Lugmair [1] and
Moynier et al. [2] imply, or chondrules did not form by
melting of fine-grained nebular dust [4] as the preser-
vation of separate volatile-poor reservoirs of nebula
dust for several Myr seems implausible.

Fig. 1. 53Mn-53Cr diagram for eight whole rock
samples from 7 carbonaceous chondrites showing
ε53Cr, the deviation of the 53Cr/52Cr ratio from the ter-
restrial standard as a function of 55Mn/52Cr [1]. The
slope of this isochron indicates that Mn-Cr fractiona-
tion occurred at 4568±1 Myr [1, 2]. Data for CB, CV,
CO, CM, and CI chondrites are from Shukolyukov and
Lugmair [1] and for Tagish Lake (TL, an ungrouped
carbonaceous chondrite) from Yamashita et al. [5].

Chondrule ages: Our review of early solar system
chronology based on Pb-Pb, Al-Mg, and Cr-Mn chro-
nometers and thermal models for 26Al-heated
planetesimals suggests that chondrules in carbonaceous
chondrites formed 1.5 to 5 Myr after CAIs (Fig. 2).
Moynier et al. [2] argued instead from the Mn-Cr CC
isochron that chondrules and CAIs are coeval and that
their parent bodies accreted at 4568±1 Myr when Mn
and Cr were fractionated. They noted that such early
accretion would require small (<20 km) parent aster-
oids to avoid melting due to 26Al decay [4]. However,

parent bodies of H, L, and CM asteroids are estimated
to be 170-200 km across from thermal histories of
chondrites (H [6]) and asteroid family properties (L
and CM [7, 8]).

Fig. 2. Ages of CAIs, chondrules, carbonaceous chon-
drites, and angrites derived from 53Mn-53Cr, 26Al-26Mg,
and 207Pb-206Pb isotopic systematics. Vertical lines
show how the relative Mn-Cr and Al-Mg ages are an-
chored to the absolute Pb-Pb ages.  Good agreement
between the Al-Mg and Mn-Cr ages of the quench-
textured angrites at 4562 Ma suggests that the Al-Mg
and Mn-Cr timescales are well aligned [20]. Short and
long-lived chronometers both indicate that chondrules
formed 1.5-5 Myr after CAI formation. The Mn-Cr
carbonaceous chondrite age of 4568 Myr is within er-
ror of CAI formation. 2σ error bars for Al-Mg and Mn-
Cr ages exclude additional errors in the anchors. For
data and meteorite abbreviations, see [19-34].

Discussion:
Chondrule formation: Given that chondrules in

carbonaceous chondrites did not form until 1.5-5 Myr
after CAIs, and that reservoirs of dust poor in Mn and
other volatiles could not have been preserved for this
period, it follows that chondrules in carbonaceous
chondrites did not form by melting of nebular dust. We
propose instead that two main reservoirs were
established soon after the start of the solar system
(<0.5 Myr after CAIs): early-formed planetesimals
depleted in moderately volatile elements (with very
low Mn/Cr) and unprocessed CI-like dust (with high
Mn/Cr). Because the decay of 26Al would likely have
kept the planetesimals substantially molten during the
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chondrule-forming epoch [4], chondrules may have
formed from splashed, or condensed, droplets resulting
from disruptive impacts, as has been proposed already
for the CB chondrites [9], or by melting of
comminuted planetary debris mixed with nebular dust.
Support for the latter comes from studies of type I
chondrules by Libourel and Krot [10] who identified
ubiquitous forsterite-metal aggregates with granoblas-
tic textures in type I chondrules, which constitute
>95% of chondrules in most C chondrites.

Provided that there was no net loss or gain of Mn
and Cr during the formation of chondrules either by
planetesimal splashing or by melting of mixtures of
planetary and nebular dust, different batches of materi-
als would generate bulk chondrite compositions that
define an isochron array (Fig. 3).

Fig. 3. Schematic 53Mn-53Cr diagram showing how CB,
CV, and CR chondrites could have inherited a record
of Mn-Cr fractionation that occurred prior to chondrule
formation. After early Mn-Cr fractionation and
planetesimal formation close to the Sun, the nebula
contained volatile-rich dust with CI-like composition
and more refractory planetesimals. At various times
1.5-5 Myr later, chondrites formed by closed-system
processing of refractory materials from planetesimals
and CI-like nebula dust.

Bulk compositions of O and E chondrites do not lie
on the C chondrite isochron [11, 12]. Either their
chondrules formed from different precursors or else the
formation of chondrules and matrix was not a closed-
system process. Chondrules in the Chainpur LL chon-
drite appear to have formed by volatile loss from CI-
like material [13, 2]. However, the errors do not pre-
clude a two-component model like that in Fig. 3.

Moderately volatile fractionation: Contrary to
various proposed models, fractionation among carbo-
naceous chondrites of the moderately volatile elements
like Mn from more refractory elements like Mg, Si and

Cr was not caused by processing during chondrule
formation [e.g., 14], nor by processes that predated
solar system formation [15]. Instead this fractionation
plausibly reflects planetesimal formation in the hot
inner region of the solar nebula. Models for nebula-
wide depletion of moderately volatiles were developed
by Cassen and Ciesla [16, 17], but rejected by Ciesla
[17] because he assumed that chondrules formed from
nebular dust. Formation of chondrules from planetesi-
mal debris removes this objection. Early collisions
between differentiated bodies may also have enhanced
volatile depletions [18].
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