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Abstract—Early Solar System chronology is usually built with the assumption that the distribution of
short-lived radionuclides was homogeneous through the solar accretion disk. At present, there is no
unambiguous evidence for a homogeneous distribution of short-lived radionuclides in the solar accretion
disk, while some data point to a heterogeneous distribution of short-lived radionuclides. In this paper, we
explore a possible chronology based on a heterogeneous distribution of 2°Al and >>Mn in the accretion
disk. Our basic assumption is that the different abundances of extinct short-lived radionuclides in
calcium-aluminium-rich inclusions (CAls) and chondrules are due to spatial rather than temporal
differences. We develop a simple model where CAls and chondrules form contemporaneously, in
different spatial locations, and are characterised by distinct initial °Al and >*Mn abundances. In this
model, all evolved bodies are supposed to be originally chondritic, i.e., to be made of a mixture of CAls,
chondrules, and matrix. This mixture determines the initial content in 2°Al and >*Mn of a chondritic
parent-body as a function of its CAI and chondrule abundance fraction. This approach enables us to
calculate coherent 2°Al and **Mn ages from the agglomeration of the parent-body precursors (CAls and
chondrules) until the isotopic closure of *°Al and >>Mn, thereafter called *°Al->*Mn age. We calculate
such 2°Al->*Mn ages for a diversity of evolved objects, with the constraint that they should be found for
realistic chondritic parent-body precursors, i.e., objects having similar or identical petrograpy to the
existing chondrite groups. The so defined age of the d’Orbigny angrite is 4.3 = 1.1 Myr, for the
Asuka-881394 eucrite 2.8 £ 1.0 Myr, for the H4 chondrite Sainte Marguerite ~3 Myr, and for H4 Forest
Vale ~5 Myr. The calculated 2°Al->*Mn ages give timescales for the evolution of the respective
parent-bodies/meteorites that can be investigated in the light of further petrographic studies. We anchor
the calculated relative chronology to an absolute chronology using absolute Pb-Pb ages and relative Hf-W
ages of the objects under scrutiny. The precursors of Sainte Marguerite and Forest Vale agglomerated at
the same time (~4565.8 = 1.2 Ma ago). The precursors of eucrites (Asuka-881394) agglomerated 4564.8
* 1.2 Ma ago. The precursors of angrites agglomerated late (4561.5 = 1.8 Ma ago). Our model provides
a fully compatible AI-Mg/Mn-Cr/Pb-Pb chronology, and is shown to be robust to reasonable changes in
the input parameters. The calculated initial ?A1/%” Al ratios are high enough to have Z°Al as a possible
heat source for differentiation. Copyright © 2005 Elsevier Ltd

1. INTRODUCTION only short-lived radionuclides with half-life of ~ Ma can be
used to date early Solar System events that took place on Ma
timescales such as CAI and chondrule formation, or asteroid
differentiation. Among short-lived radionuclides with half-
lives ~ Ma, only 2°Al (T,,, = 0.74 Ma) or **Mn (T,,, = 3.7
Ma) have been measured both in primitive chondrite compo-
nents (CAls and chondrules) and in evolved (melted or equil-
ibrated) objects. Recently, ®°Fe has been measured in ordinary
chondrite chondrules (Mostefaoui et al., 2004; Tachibana and
Huss, 2003). However, there is only an upper limit for the
initial “°Fe/*°Fe ratio of CAIs (Birck and Lugmair, 1988),
while the initial ®*Fe/>°Fe ratio of eucrites is highly variable
(Quitté and Halliday, 2004; Shukolyukov and Lugmair, 1993).
In this paper, we will try to build a coherent chronology based
on 2°Al and >*Mn following early work by a diversity of

Elucidating the chronology of early processes in the Solar
System is one of the major goals of planetary sciences. Deter-
mining timescales for the formation of the earliest solids (such
as chondrules and calcium-aluminium-rich inclusions [CAls]),
as well as asteroidal metamorphism and differentiation
(Wadhwa and Russell, 2000) is especially important, because it
provides a powerful way of linking meteorite laboratory data
with astronomical observations. One of the most potentially
useful tools in establishing a fine-scale early Solar System
chronology has been short-lived radionuclides. These radioac-
tive isotopes, known to have been alive in the early Solar
System, are now extinct, but have left their mark in meteorites
in the form of excesses of their daughter decay products (Rus-
sell et al., 2001). Although the half-lives of short-lived radio- . .
nuclides that have been considered to date by the cosmochemi- authors (,Gﬂmo‘“ and SaXtOI}’ 2001; Mc“Keegan and Davis,
cal community range from 53 days for “Be to 103 Ma for '*°Nd 2004; Swindle et al., 1996; Zinner and Gopel, 2002).

(Birck, 2004; Chaussidon et al., 2004; Russell et al., 2001), Chronological models usually rely on the assumption that
short-lived radionuclides are spatially homogeneously distrib-

uted in the solar accretion disk. Applied to 2°Al, this assump-
* Author to whom correspondence should be addressed tion leads to a time difference of ~2 Ma between CAI forma-
(gounelle @csnsm.in2p3.1r). tion and the formation of the first chondrules (Huss et al., 2001;
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Fig. 1. Relative 2°Al and **Mn chronology based on the assumption of an homogeneous distribution of 2°Al and >*Mn
g

in the solar accretion disk, and calculated using Eqn. 2. Error bars are calculated using the formula Ar = ™' W where

A is the decay constant of 2°Al or **Mn and AR the 20 error on the °Al or **Mn initial ratio (the error on the initial ratio
N35(0) is neglected). In this model, it is implicitly assumed that CAI formation marks the beginning time of the Solar
System. With this assumption, there is a ~4 (6) Ma discrepancy between the Al-Mg and Mn-Cr ages for chondrules
(eucrites) relative to CAIs. CAIs **Mn/°>Mn and 2°Al/*’Al initial ratios are 3 X 10> (Birck and Allegre, 1985; Nyquist
etal., 2001) and 5 X 10~ (MacPherson et al., 1995) respectively. For chondrules, initial ratios are >*Mn/*>Mn = (0.94 =
0.17) X 107> and (0.95 * 0.31) X 10~ (Nyquist et al., 2001), while the upper limit for **Al/*’Al is 1 X 10> (Huss et
al., 2001). For Sainte Marguerite, initial ratios are >*Mn/>>Mn = (4.78 = 0.36) X 10~ ¢ (Polnau and Lugmair, 2001) and
26A1/77Al = (2.87 *+ 0.64) X 1077 (Zinner and Go6pel, 2002). For Forest Vale, initial ratios are >Mn/*’Mn = (2.42 =+ 0.31)
X 10~° (Polnau et al., 2000) and °Al/’Al = (1.52 + 0.52) X 107 (Zinner and Gé6pel, 2002). The Asuka-881394 eucrite
has an initial *°A1/*’Al of (1.18 = 0.14) X 10° and an initial >*Mn/>*Mn ratio equal to (4.6 * 1.7) X 10~° (Nyquist et
al., 2003a). The d’Orbigny angrite has an initial 2°Al/*’Al of (2.3 = 0.8) X 10~7 and an initial >*Mn/>>Mn ratio equal to

(2.83 = 0.25) X 10~° (Nyquist et al., 2003b).

Russell et al., 1996). Applied to >*Mn, this assumption leads to
a time difference of ~ 6—8 Ma between CAls and chondrule
formation using the **Mn/>Mn ratio proposed for CAI (~ 3-4
X 1077; Birck and Allegre, 1985; Nyquist et al., 2001). The
Al-Mg and Mn-Cr timecales for the CAl-chondrule formation
interval (2 vs. 6—8 Ma) are clearly incompatible.

One way to solve the discrepancy between the Al-Mg and
the Mn-Cr CAl-chondrule formation interval is to assume that
the 2*Cr excesses found in CAls are not only due to the decay
of >*Mn, but are obscured by the presence of nucleosynthetic
isotopic anomalies (Lugmair and Shukolyukov, 1998; Lugmair
and Shukolyukov, 2001). Using precise Pb-Pb absolute ages of
CAlIs and angrites, as well as the >*Mn/°>Mn initial ratio for
angrites, Lugmair and Shokolyukov (2001) calculate an initial
ratio of >*Mn/°*Mn ~ 1.4 X 10> for CAls. This procedure
reconciles the Mn-Cr CAl-chondrule timescale with the Al-Mg
one. It does not, however, resolve the general discrepancy
observed between Al-Mg and Mn-Cr ages for equilibrated
chondrites and achondrites as shown in Figure 1. The contra-
dictory age differences between Sainte Marguerite and
d’Orbigny (2.8 = 0.61 Ma for Mn-Cr system vs. 0.2 = 0.44 for
the Al-Mg system) cannot be reconciled assuming that the
measured initial >>Mn/>>Mn is wrong. Similarly, independently
of the initial >*Mn/>>Mn chosen as a reference, Asuka-881394
and Sainte Marguerite have about the same Mn-Cr age whereas
Asuka-881394 is significantly older than Sainte Marguerite if
one considers the Al-Mg age. The contradictory Al-Mg and
Mn-Cr chronologies (Fig. 1) suggest that the homogeneity

hypothesis which underlies the chronological model shown in
Figure 1 may be called into question.

The discrepancy between Al-Mg and Mn-Cr ages could be
attributed to a spatial heterogeneity of short-lived radionuclide
distribution. Arguments have been put forward both for and
against isotopic homogeneity in the early Solar System. It has
been argued that the reasonably constant initial °Al in CAls
implies a widespread and largely homogeneous initial distribu-
tion (MacPherson et al., 1995). There are, however, hints in
meteoritic data for an heterogeneous distribution of some iso-
topes in the solar accretion disk. For example, CAls and chon-
drules contain different abundances of the stable isotopes of
oxygen (Clayton, 1993; McKeegan et al., 1998). It is also well
known that CAls contain widespread isotopic anomalies which
are mostly absent in chondrules (Birck, 2004). It is thus not
inconceivable that other isotopic systems such as short-lived
radionuclides may also show intrinsic differences between
these two types of components. Some CAls, such as hibonite-
bearing spherules in CM2 chondrites, have no detectable 2°Al
(Marhas et al., 2002), clearly different from the most frequent
CAI value, 2°Al/7Al = 5 X 1077 (MacPherson et al., 1995).
A heterogeneous distribution of *>Mn in the solar accretion
disk has been advocated by Lugmair and Shukolyukov (1998)
and Shukolyukov and Lugmair (2000) on the basis of the bulk
33Cr/°2Cr ratios of the Earth, Mars and the Howardites, Eu-
crites, Disgenites (HED) achondrites. At present, there is no
unambiguous evidence for a homogeneous distribution of
short-lived radionuclides in the solar accretion disk, while some
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Fig. 2. Diagram depicting the meaning of age in our model. Ages are all understood as ages relative to the agglomeration
of precursors until isotopic closure. In our model, data are not referenced to a single beginning event, unlike the model based

on an homogeneous assumption of 2°Al and >*Mn (see Fig. 1).

data point to a heterogeneous distribution of short-lived radio-
nuclides.

The question of the homogeneity/heterogeneity of short-
lived radionuclides is intimately linked to that of their origin. If
short-lived radionuclides under consideration are the products
of continuous galactic nucleosynthesis (Meyer and Clayton,
2000), they are expected to be homogeneously distributed
within the solar accretion disk. Workers promoting an external
stellar origin for short-lived radionuclides (e.g., Busso et al.,
2003) have defended the idea that short-lived radionuclides
were homogeneously distributed within the solar accretion
disk, and that a simple chronology can be built (e.g., Zinner,
2003; Zinner and Gopel, 2002). However, the homogeneity of
short-lived radionuclides would depend on the injection mech-
anism of short-lived radionuclides by an Asymptatic Giant
Branch (AGB) stellar wind or a supernova shockwave. If
short-lived radionuclides have been produced by irradiation
(Gounelle et al., 2001; Leya et al., 2003), they are expected to
be heterogeneously distributed within the solar accretion disk,
since different regions of the disk receive different dosages of
accelerated particles (Gounelle et al., 2001).

A key question that underlies any chronology of the early
Solar System is the putative minimum 2 Ma time gap between
CAls and chondrules inferred from the Al-Mg chronometer.
Although incompatibilities between the timescales inferred
from Al-Mg and Mn-Cr systems are not limited to the CAI-
chondrule formation timescale (see above), unequivocal dem-
onstration of a formation gap would strongly support the hy-
pothesis of a homogeneous spatial distribution of short-lived
radionuclides. This 2 Ma time gap has long been known to be

at odds with dynamical studies suggesting that CAls cannot
survive in a quiescent disk for longer than a few 10° yr
(Weidenschilling, 1977). Storage of CAls for 2 Ma could have
happened within a planetesimal (Hsu et al., 2000), or via
turbulence (Cuzzi et al., 2003). As well as preventing CAls
drifting into the Sun, a necessary constraint to any model is that
CAls have largely been kept out of the chondrule-forming
region. Fragments of CAls are extremely rare in chondrules
(Bischoff and Keil, 1983; Bischoff and Keil, 1984; Krot et al.,
in press; Maruyama and Yurimoto, 2003), although titanium
isotopic anomalies (Niemeyer, 1988), rare earth patterns (Rus-
sell et al., 2002), and '°O-rich isotopic compositions (Jones et
al., 2004) in chondrules indicate minor mixing can have taken
place between the two reservoirs. Although turbulence can
physically prevent CAls from drifting into the Sun, it does not
provide an explanation for the very fine-tuned separation fol-
lowed by mixing of CAI and chondrule reservoirs. In addition,
recent observations of a chondrule-CAlI association in a prim-
itive CO3.0 chondrite has led to the suggestion that CAls and
chondrules formed simultaneously (Itoh and Yurimoto, 2003).
One of the best ways to assess a possible time difference
between CAls and chondrules is the use of the Pb-Pb chronom-
eter.

Uranium has two long-lived radioisotopes (**°U, T,, =
0.704 Ga and **®U, T,,, = 4.47 Ga) whose inferred abundance
within the early Solar System is compatible with expectations
from continuous galactic nucleosynthesis (Wasserburg et al.,
1996). Uranium isotopes are therefore usually considered to be
homogeneously distributed within the Solar System, and pre-
cise absolute ages can be calculated using that system. Assum-
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ing that the ages provided by these chronometers are crystal-
lisation ages and not metamorphic or secondary ages, the Pb-Pb
chronometer can be used to date the time difference between
CAls and chondrules. Early dating of Allende (CV3) CAls
provided an absolute age of 4566 = 2 Ma (Allegre et al., 1995;
Manhes et al., 1988). More precise dating of Efremovka (CV3)
CAls yielded absolute ages of 4567.2 = 0.7 (CAI E49) and
45674 = 1.1 Ma (CAI E60) (Amelin et al., 2002). Break-
through measurements of chondrules belonging to the CR2
chondrite Acfer 059 lead to a formation absolute age of 4564.7
* 0.6 (Amelin et al., 2002). Although it has been argued that
dating CAls and chondrules belonging to a different chondrite
group could not be a definitive argument for a 2 Ma time gap
(Gounelle and Russell, 2004), this finding has extensively been
used to support the 2 Ma timescale between chondrules and
CAIs (Amelin et al., 2002; Desch et al., 2004; Wood, 2004;
Zinner, 2003). Very recently, Amelin et al. (2004) have mea-
sured the Pb-Pb age of chondrules belonging to the Allende
(CV3) chondrite and have shown that they have an absolute age
of 4566.7 = 1.0 Ma, indistiguishable (within error bars) from
CAIs belonging to the same chondrite group. This finding,
although not stricto sensu demonstrating our hypothesis, grants
it some credit.

The goal of this paper is to determine whether a plausible
chronological model can be constructed based on the assump-
tion that *°Al and **Mn were heterogeneously distributed in the
accretion disk. We will, specifically, assume that the abundance
of these radionuclides was different in the CAI and chondrule
forming regions. This assumption is compatible with an irra-
diation model for the production of 2°Al and **Mn (Gounelle et
al., 2001; Leya et al., 2003), but could also hold true in the case
of an heterogeneous distribution of short-lived radionuclides
injected by a supernova (Vanhala and Boss, 2002). Our model
is an end-member model assuming a simple heterogeneity in
the solar accretion disk. As such, it should be viewed as the
counterpart of the simple chronological model assuming a
homogeneous distribution of °Al and **Mn in the disk and
depicted in Figure 1.

2. MODEL

2.1. Model Outline

CAIs and chondrules are considered as building blocks of the
Solar System. All differentiated bodies are assumed to have
chondritic precursors, in the sense that they are initially made
of a mixture of CAIs, chondrules, and matrix. The CAIs,
chondrules, and matrix that define a given chondritic body are
assumed to have formed contemporaneously. The CAI and
chondrule forming events can last a few Ma, and components
from different chondrite groups might have formed at different
times. The different initial abundances of 2°Al and >*Mn in
CAls and chondrules are assumed to arise from spatial heter-
ogeneities, possibly due to an irradiation origin of 2°Al and
53Mn (Gounelle et al., 2001; Lee et al., 1998; Shu et al., 1997).
Matrix is assumed to be a component that contains no or low
contents of 2°Al or >*Mn. In such a model, the calculated
content of a short-lived radionuclide in a given parent-body
(PB), N}, evolves according to the equation:

i=3
E ax;C;

SRy _ i=1
N op() = S55——
a;C;

Rl (O M

w

i=1

where the index i can take three values: C for chondrules, CAI
for CAL and M for matrix. A is the decay constant of the
short-lived radionuclide. a¢, acup, and oy, are the chondrule,
CAI, and matrix abundances of the chondritic precursor of the
parent-body under scrutiny. C, C,,, and C,, are the abun-
dance of the stable isotope S in the chondrules, CAls, and
matrix, respectively. X, Xc4,, and x,, are respectively the ratios
R/S in chondrules, CAls, and matrix at time r = 0, defined as
the time when CAIs, chondrules, and matrix agglomerate to
make a parent-body. The short-lived radionuclide model age of
a metamorphosed or differentiated parent-body PB, fjx, can be
calculated from Eqn. 1:

RN
RN 750)
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where M35 is the measured ratio R/S in the considered parent-
body, and M3%(0) is the calculated initial value given by
Eqn. 1.

Because of the constraint ay; = 1 — ac — Qeap fog depends
only on a. and a4, for a given chemical model, i.e., a given
set of C;. For given abundances of CAls (ac,;) and chondrules
(ae), it is possible to determine one 2°Al->*Mn age satisfying
the equation:

26A1 _ 5M
tps (Ocan ac) = tpg  (Qcar Qo) (3)

The model output is a set of 2°Al ->*Mn ages, which is a
function of the CAIs and chondrule abundances. Because the
CAI and chondrule abundances of a chondritic parent-body
vary within a limited range (Scott et al., 1996), we hope to
identify a class of °Al->>Mn ages that are coherent with known
chondritic objects. Our model age encompasses both 2°Al and
53Mn ages, and counts the time since the agglomeration of
chondrules and CAlIs to form a parent-body until Al-Mg and
Mn-Cr isotopic closure in the same parent-body. We will
therefore call it a >°Al->>Mn age. The basic assumptions and
signification of our model are illustrated in Figure 2.

2.2. Model Assumptions, Input Data, and
Free Parameters

For the purpose of this model, we assume that the closure
temperature for Mn-Cr and Al-Mg systems is the same. Mea-
surements of diffusion in feldspar have been reported by La-
Tourette and Wasserburg (1998). These authors showed that a
temperature of ~450°C can be considered as a closure temper-
ature for Mg. For the Mn-Cr system there have been no similar
studies. We note that all chronological models based on short-
lived radionuclides (e.g., Zinner and Gopel, 2002) need to
make the same assumption of an identical closure time for the
isotopic systems of interest.

We also assume that we have access to both the chemical
composition and the original content of short-lived radionu-
clides of the three components, CAls, chondrules, and matrix.
A diversity of processes can have obscured these records, such
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Table 1. Input data for the model.

CM model CV model OC model
Chondrules CAIs* Matrix Chondrules CAIs* Matrix Chondrules CAIs* Matrix
Al 5600° 18% 6500° 18600¢ 18% 13000¢ 12000° 18% 11100°¢
Mn 1500° 20 1700° 1500¢ 20 1600¢ 4000° 20 2500°
25A1/77Al 1 X10°° 5X107° 0 1 xX10°° 5%X107° 0 1 xX10°° 5% 107° 0
33Mn/>*Mn 0.96 X 107> 3X107° 0 0.96 X 107° 3X107° 0 0.96 X 107° 3X107° 0

Data are in ppm unless otherwise stated.
* Data from Sylvester et al. (1993).

® Data from Rubin and Wasson (1986).
¢ Data from Zolensky et al. (1993).

4 Data from Rubin and Wasson (1987).
¢ Data from Rubin and Pernicka (1989).

as protracted residence in the accretion disk, hydrothermal
alteration, or thermal metamorphism. Because of its fine-
grained nature, matrix is especially sensitive to secondary pro-
cesses. The input data presented below are our best present
knowledge of the sometimes obscured record of chondritic
components.

A last important assumption is that the initial >*°Al and >*Mn
initial contents measured now in CAls and chondrules are the
abundances at the time of accretion, rather than at the time of
formation of these primitive components. Because dynamic
timescales in the accretion disk are likely to be short compared
to the half-lives of 2°Al and >*Mn (Weidenschilling, 1977), it
seems justified to adopt as initial *°Al/*’Al and **Mn/>’Mn
ratios, the values at crystallisation.

The model inputs are the chemical composition of the pre-
cursor (C,, Table 1), the abundance of *°Al and **Mn in CAls
and chondrules (x;, Table 1), and the abundance of *°Al and
>3Mn in the objects of which we calculate the age. All these
parameters are adopted according to experimental measure-
ments. The uncertainties of the model due to these parameters
will be discussed below in section 4.5.

For the chemical compositions of the chondritic precursor,
we will explore three possible compositions: CM, CV, and OC
(see Table 1). For CAls, we assume the same average compo-
sition for the three models. This is because CAls are so rare in
ordinary chondrites (Russell et al., 1996) that a bulk average
chemistry is difficult to define. However, CAls from ordinary
chondrites are similar in mineralogy and mineral chemistry to
common types from carbonaceous chondrites (Russell et al.,
1996). Likewise, CAls have been extensively altered in CM2s,
so their initial chemistry is obscured (Lee and Greenwood,
1994). Thus a simple CV CAI chemistry was adopted in all
three models (Sylvester et al., 1993). Abundance data for CM
chondrite chondrules and matrix are from Rubin and Wasson
(1986) and Zolensky et al. (1993) respectively. Abundance data
for CV chondrite chondrules and matrix are from Rubin and
Wasson (1987). Abundance data for OC chondrules and matrix
are from Rubin and Pernicka (1989).

Decades of measurements with the ion probe have shown
that most CAIs are characterized by an *°Al/*’Al ~ 5 X 1073
at their final heating event (MacPherson et al., 1995). Recently
it has been reported that whole rock CAls could have had an
initial 2°Al/*’Al ratio of 6-7 X 107° (Galy et al., 2004).
However, intramineral measurements of anorthite consistently

yield a lower initial 2Al/>’Al of 4-5 X 10~ (Young et al.,
2005), suggesting that the aluminium isotopes had this compo-
sition during the last CAI processing event. Therefore we
assume this is the most valid value to assume at time of
accretion. Similarly, we will ignore the rare CAls that have low
abundance of 2°Al, such as FUN and some hibonite-rich inclu-
sions (MacPherson et al., 1995). We will discuss in section 4.5
the dependence of our model on this input parameter.

The initial *°Al/>’Al ratio of chondrules has proved to be
more difficult to measure than that of CAls because of the lack
of Al-rich phases in these objects. A large number of chon-
drules have no detectable 2°Al (Mostefaoui et al., 2002; Russell
et al., 1996; Srinivasan et al., 2000b). In ordinary chondrites,
chondrules’ 2°Al/*’ Al initial ratios vary between (0.45 *+ 0.21)
X 107° and (2.28 = 0.73) X 10> (Huss et al., 2001; Kita et
al., 2000; McKeegan et al., 2000; Mostefaoui et al., 2002;
Russell et al., 1996). In carbonaceous chondrites, a similar
range [(0.24 * 0.17) X 107° to (2.5 * 0.8) X 107°] is
observed (Kunihiro et al., 2004; Marhas et al., 2000; Srinivasan
et al., 2000a; Srinivasan et al., 2000b). No difference has been
observed so far between Al-rich chondrules and “normal” fer-
romagnesian chondrules. Calculating an average initial 2°Al
content for chondrules is difficult, and may be meaningless
because most of the data bear on isotopic anomalies detected in
plagioclase, and plagioclase is now known to easily reequili-
brate its Mg isotopic composition (LaTourette and Wasserburg,
1998; McKeegan et al., 2004). Also, measurements are biased
towards chondrules that contain phases with high Al/Mg, in-
troducing a possible bias to the data. A median 2°Al/*’ Al value
of 1 X 107> has been adopted for both ordinary and carbona-
ceous chondrite chondrules, because it is the median value for
less equilibrated chondrites (Huss et al., 2001). As we will
discuss later on (section 4.5), our model depends very little on
that value.

In pioneering papers, Birck and Allegre (1985, 1988) re-
ported Mn-Cr measurements of two Allende CAls. They pro-
posed that CAls had formed with an average initial >*Mn/°>Mn
abundance ratio of (4.37 = 1.07) X 10~ (Birck and Allegre,
1985; Birck and Allegre, 1988). More recent measurements
have confirmed this value (Nyquist et al., 2001; Papanastassiou
et al., 2002). Nyquist et al. (2001) propose an initial value of
53Mn/>°Mn of (2.81 * 0.31) X 10>, and Papanastassiou et al.
(2002) report a spread in initial values ranging from 1.01 X
1075 to 12.5 X 10~>. The span in the initial >*Mn/°*Mn ratio
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in CAls has been interpreted as resulting from alteration (Pa-
panastassiou et al., 2002). In this paper, we will adopt an initial
53Mn/**Mn ratio of 3 X 10~° compatible with most measure-
ments. It will be shown later on (section 4.5) that our model
does not depend critically on this value.

Nyquist et al. (2001) reported Mn-Cr data on unequilibrated
ordinary chondrite chondrules. They found that Chainpur and
Bishunpur chondrules formed with an initial >*Mn/>Mn ratio
equal to (0.94 * 0.17) X 1077 and (0.95 = 0.31) X 1077
respectively. No data are available so far for the initial >*Mn/
5Mn ratio in chondrules from carbonaceous chondrites. Lack-
ing such information, we will adopt the same initial ratio as for
ordinary chondrite chondrules.

The short-lived radionuclides content of matrix is not well
characterised. No isochrons have so far been reported for
unambiguous matrix minerals. Feldspars in Sainte Marguerite
and Forest Vale have been interpreted as recrystallised matrix
minerals (Zinner and Gopel, 2002), therefore their *Al content
records the parent-body metamorphism, rather than the initial
content of matrix. The **Cr excesses recorded in the CII
chondrites, almost exclusively composed of fine-grained ma-
trix, correlate with the Mn/Cr ratio, indicating the past presence
of >*Mn (Birck et al., 1999; Rotaru et al., 1992). Because the
matrix of CI1 chondrites has been severely processed and
might have included high-temperature components such as
CAIs and chondrules, the initial >*Mn/>*Mn of CI1 chondrites
cannot be taken as the initial >*Mn/**Mn ratio of matrix. We
assume here that the matrix component of chondrites does not
contain short-lived radionuclides.

Equilibrated or melted objects for which both 2°Al and >*Mn
precise data are available are rare. The Asuka-881394 eucrite
has an initial 2°A1/?’Al of (1.18 * 0.14) X 107° and an initial
53Mn/**Mn ratio equal to (4.6 * 1.7) X 10~° (Nyquist et al.,
2003b). Recently, Wadhwa et al. (2004) have found for Asuka-
881394 an initial ratio 2°Al/*’Al of (1.39 = 0.07) X 107°
compatible with that found by Nyquist et al. (2003b). The
d’Orbigny angrite has an initial 2°A1/*’Al of (2.3 * 0.8) X
10~7 and an initial >*Mn/**Mn ratio equal to (2.83 = 0.25) X
10~° (Nyquist et al., 2003a). Zinner and Gopel (2002) have
measured the Mg isotopic composition of feldspars in H4
ordinary chondrites, and found initial ratios *Al/>’Al of (2.87
+ 0.64) X 1077 and (1.52 = 0.52) X 107 for Sainte Mar-
guerite and Forest Vale, respectively. Polnau and collaborators
have reported initial >*Mn/>*Mn ratios of (4.78 *+ 0.36) X 10~¢
and (2.42 + 0.31) X 107° for Sainte Marguerite and Forest
Vale, respectively (Polnau and Lugmair, 2001; Polnau et al.,
2000).

Looking at Eqns. 1, 2, and 3, one can see that all the
constrained input data of the models can be obtained from the
literature. The free parameters are the chondrule fraction (o)
and the CAI fraction (acap)-

3. RESULTS

3.1. The %°Al- *Mn Ages of the Asuka-881394 Eucrite
and the d’Orbigny Angrite

In Figures 3 and 4, for a series of CAI abundances, we plot
the Asuka-881394 (d’Orbigny) calculated *°Al->*Mn ages vs.
the chondrule fraction. In other words, we present the solutions

of Eqn. 3. For example, for a CV precursor having 0% CAI for
the d’Orbigny parent-body, a *Al->*Mn age of 3.4 Ma is found
if the chondrule fraction is ~60%. Because we do not know
precisely the chondritic precursors of the angrite and the eucrite
parent-body, we will accept as reasonable solutions, all that
have a CAI abundance between 0 and 10% corresponding to
the variation range of CAls within chondrite groups (Scott et
al., 1996). Even with this broad range of possible initial com-
positions, 2°Al->*Mn ages are quite well constrained, and re-
main within a 2 Ma variation range (see Figs. 3, 4, and
Table 2).

The 2°Al->>Mn ages of the Asuka-881394 eucrite and of the
d’Orbigny angrite are shown in Table 2 (see also Figs. 3 and 4).
For the OC model the eucrite *°A1->*Mn age varies between 1.7
and 3.6 Ma (for a CAI abundance of 0 and 10% respectively).
For the CM model the eucrite age varies between 1.9 and 3.8
Ma (for a CAI abundance of 0 and 10% respectivey). For the
CV model the eucrite *°Al->>Mn age varies between 2.0 and
3.5 Ma (for a CAI abundance of 0 and 10% respectively). For
the OC model the angrite *°Al->*Mn age varies between 3.2
and 5.3 Ma (for a CAI abundance of 0 and 10% respectively).
For the CM model the angrite °Al->*Mn age varies between
3.4 and 5.5 Ma (for a CAI abundance of 0 and 10% respec-
tively). For the CV model the angrite *Al->*Mn age varies
between 3.6 and 5.2 Ma (for a CAI abundance of 0 and 10%
respectively). Overall, the 2°Al->*Mn ages of the Asuka-
881394 eucrite and the d’Orbigny angrite vary between 1.7 and
3.8 Ma and between 3.2 and 5.5 Ma respectively. We therefore
ascribe ages of 2.8 £ 1 Ma and 4.3 = 1.1 Ma after the
agglomeration of the precursors to the cooling of the Asuka-
881394 eucrite and the d’Orbigny angrite respectively.

3.2. The 2°Al->*Mn Ages of the H4 Chondrites Sainte
Marguerite and Forest Vale

The H4 meteorites Sainte Marguerite and Forest Vale rep-
resent a special case, in that they are not differentiated mete-
orites, but metamorphosed chondrites. For these meteorites,
constraints are tighter because we know a priori their chondrule
(60-80%) (Jones et al., 2000; Scott et al., 1996) and CAI
(~0.1%) abundance. In Figures 5 and 6 the evolution of both
the 2°Al and *>*Mn ages are shown as a function of the chon-
drule abundance for Forest Vale and Sainte Marguerite respec-
tively (with a 0.1% abundance of CAls). Note that this repre-
sentation is different from the one adopted in Figures 3 and 4,
since we have fixed the abundance of CAls to be 0.1%, there-
fore the 2°Al and >>Mn ages depend on one parameter only, the
chondrule abundance, a.. In this case, the 2°Al->*Mn age can
be directly read on the graph as the intersection—within error
bars—between the curves.

If a median chondrule abundance of 80% is chosen for H4
chondrites, a ~3 Ma °Al->*Mn age is found for Sainte Mar-
guerite. For Forest Vale, the two curves do not intersect within
error bars. This is mainly due to the fact that the 2°Al age is too
high, i.e., that the 2°Al content of Forest Vale is too low.
Indeed, the Forest Vale isochron shown by Zinner and Gopel
(2002) is quite perturbed, and error bars on the initial 2°Al
content might be higher than the ones used in our calculation.
We therefore ascribe a ~5 Ma 2°Al->>Mn age to Forest Vale
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Fig. 3. 2°A1->*Mn ages plotted vs. the chondrule abundance for the Asuka-881394 parent-body for a variety of chemical

models (OC, CM, and CV chondrites). This graph is the locus of the solutions of the equation fry"
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™ (aeapac) for Asuka-881394. Crosses mark the varying abundance of CAls. They start at 0% (circles), and are plotted
every one 1% until 20%. The squares mark the run with 10% CAlIs.

for a ~80% chondrule abundance. As for Asuka-881394 and
d’Orbigny, the error is of the order 1 Ma.

4. DISCUSSION

4.1. 2°A1->*Mn Ages and Possible Parent-Body Precursors

Our model provides ages of 2.8 = 1 Ma, 4.3 = 1.1 Ma for
the eucrite Asuka-881394 and the angrite d’Orbigny respec-
tively. These ages are from the agglomeration of the parent-
body precursors (CAls, chondrules, and matrix) to the Al and
Mn isotopic closure in the meteorites considered. These 2°Al-
53Mn ages are constrained within 1 Ma only because we do not
know exactly the respective precursors of the eucrite- and the
angrite-parent-body. Any progress in the determination of these
precursors will provide more precise ages because it will better
constrain the range of CAI and chondrule abundances and their
chemistry. For now, the important point is that solutions are
found for reasonable CAI and chondrule abundances (in the
range of a few % and few 10s of % respectively), i.e., similar
to the actual chondrite groups.

The chondritic precursors of the eucrite parent-body are not
exactly known. Consolmagno and Drake (1977) showed the
rare earth element patterns of the HED meteorites can be
explained assuming a generic chondritic precursor, but highly
depleted in volatiles such as Na and K. An OC parent-body
with a a CAI abundance of ~1% and a chondrule abundance of

~70% is a possible solution of our model (Fig. 3). This is close
to ordinary chondrites petrology (60—80% chondrules, and
<0.1% of CAls [Scott et al., 1996]). Recent melting experi-
ments have demonstrated that CM chondrites might be plausi-
ble precursors of eucrites (Jurewicz et al., 1993). Possible
solutions vary between a CM parent-body having 0% CAIs and
70% chondrules and 5% CAls and 90% chondrules (Fig. 3).
These values are different from the real CM chondrites that
have 5% CAIls and 20% chondrules (Scott et al., 1996). Note
that the chondrule abundance for CM chondrite is the one after
aqueous alteration.

A recent study of partial melting of the angrite d’Orbigny
demonstrated that its parent-body was CV-like (Jurewicz et al.,
2004). Looking at the results of our CV model for d’Orbigny,
one sees that possible solutions vary between bodies having 0%
CAlIs and 60% chondrules and 10% CAls and 70% chondrules.
This is not exactly like the actual CV chondrites that have 10%
CAls and 45% chondrules (Scott et al., 1996).

The fact that we do not find exact matches between the
eucrite and angrite parent-body chondritic precursors and ex-
isting chondrites groups is not problematic, because the chon-
drites groups that lead, via differentiation to the eucrite and
angrite parent-bodies might now be absent from our collec-
tions. A good reason for these chondritic precursors to be
absent from our current (and biased, see Meibom and Clark,
1999) sampling of the asteroid belt would be because they have
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formed larger objects that differentiated. Secondary processing,
at least for CM chondrites, could also possibly explain the
discrepancy between our model solutions and the actual pe-
trography of chondrites groups. The present abundance of
chondrules (and CAls) in CM chondrites has been established
after aqueous alteration, whereas our model considers the rel-
ative abundance of petrographic components prior to aqueous
alteration. Because it is unlikely that aqueous alteration has
drastically changed the relative abundance of CM chondrites’
petrographic components, we rule out this possibility for ex-
plaining the slight discrepancies between our model solution
and the actual petrography of chondrites.

The 2°Al->*Mn ages identified by our model give the char-
acteristic timescales of the parent-body/meteorite evolution. It
means that it took 2.8 = 1 Ma for the eucrite parent-body to
differentiate and cool since its agglomeration, whereas it took
4.3 = 1.1 Ma for the angrite parent-body to differentiate and
cool since its agglomeration. The reason for this ~1.5 Ma
difference in the evolution of the eucrite and angrite parent-
body can be investigated by later petrographic studies. Note
that this difference between the eucrite and angrite parent-
bodies cooling times could not be identified by a chronology
assuming homogeneous distribution of short-lived radionu-
clides, because such a chronology counts time since the CAI
formation, and not since the agglomeration of the precursors
which is, in such a framework, an unknown. Similarly, it is
worth noting that though allegedly originating from the same
parent-body, the two H4 chondrites, Sainte Marguerite and

Forest Vale, have significantly different cooling times, 3 and 5
Ma respectively.

To summarise: (1) We have identified 2°Al->*Mn ages for a
diversity of objects whose *°Al and >*Mn chronology could not
be reconciled in the framework of a model assuming an homo-
geneous distribution of 2°Al and **Mn. (2) The age precision
(%=1 Ma) is comparable with that obtained in the model assum-
ing an homogeneous distribution of °Al and >*Mn in the solar
accretion disk, precision being typically around *2 Ma for the
Mn-Cr system and *=0.13 Ma for the Al-Mg system (Nyquist et
al., 2003b). (3) These 2°Al->>Mn ages are found for chondritic
precursors that are realistic, i.e., within the range of petro-
graphic properties of chondrite groups. (4) The slight discrep-
ancies between the solutions of our model and existing chon-
drite groups are due to the fact that we are so far ignorant of the
true chondritic progenitors of angrites and eucrites. (5) The
calculated 2°Al->*Mn ages give timescales for the evolution of

Table 2. 2°A1->*Mn ages (in Ma) found for the d’Orbigny angrite and
the Asuka-881394 eucrite for all three chemical models (CM, CV, OC)
and for the two extreme CAls abundances (0 and 10%).

Asuka-881394 d’Orbigny
0% CAIs 10% CAIs 0% CAls 10% CAIs
CM 1.9 3.8 34 5.5
CvV 2.0 3.5 3.6 52
ocC 1.7 3.6 32 53
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Fig. 5. Aluminium-26 and >*Mn ages for the Sainte Marguerite H4
chondrite. The CAI fraction is taken to be 0.1% (see text), and the OC
chemical model has been adopted. The dashed thick line is for *°Al and
the continuous thick line for >*Mn. 20 error bars (that take into account
error on the measurement of initial 2°Al and **Mn ratios in Sainte
Marguerite, but ignore the model uncertainty on the initial ratio) are
shown as thin lines.

the respective parent-bodies/meteorites that can be investigated
in the light of further petrographic studies. This last feature is
a specificity of our model that counts time since the agglom-
eration of precursors until the isotopic closure.

4.2. Building an Absolute Chronology

In this section, we try to build an absolute chronology,
anchoring our relative 2°A1->>Mn chronology to the absolute
Pb-Pb and Hf-W chronometer. By absolute, we mean tied to the
present time, rather than relative between two early Solar
System events. Our calculated *°A1->*Mn age is relative in the
sense that it counts the time since the agglomeration of precur-
sors to form a parent-body to the isotopic closure of Al-Mg and
Mn-Cr in this parent-body. In the following, we will assume
that U isotopes and '®?Hf were homogeneously distributed in
the solar accretion disk. This is justified by the fact that U
isotopes and '82Hf are likely to be the result of continuous
galactic nucleosynthesis (Wasserburg et al., 1996), and there-
fore are expected to be as well mixed as the majority of
isotopes that make our Solar System (Birck, 2004).

d’Orbigny has a Pb-Pb age of 4557 * 1.5 Ma (Jotter et al.,
2003) in agreement with Pb-Pb ages measured previoulsy for
other angrites (Lugmair and Galer, 1992). Sainte Marguerite
and Forest Vale phosphates have Pb-Pb ages of 4562.7 = 0.6
Ma and 4560.9 = 0.7 Ma respectively (Gopel et al., 1994).
Pb-Pb ages of eucrites have been measured, but they are usually
obscured by secondary resetting events (Carlson and Lugmair,
2000). An absolute age can however be calculated for eucrites
from their initial '®?Hf/'8°Hf of (7.96 = 0.34) X 10~ ratio
measured by Quitté et al. (2000), and using Sainte Marguerite
as an anchor because of its precise Pb-Pb and Hf-W ages. With
Sainte Marguerite having a Pb-Pb age of 4562.7 = 0.6 Ma and

an initial "#2Hf/"8°Hf ratio of (8.5 = 0.5) X 107> (Kleine et al.,
2002), we calculate an absolute age for eucrites of 4561.8 *+ 1.1
Ma.

The absolute age for the agglomeration of precursors is the
sum between the absolute age of the parent-body and the
relative age calculated in section 3.

The absolute ages of d’Orbigny, Asuka-881394, Sainte Mar-
guerite, and Forest Vale, and of the agglomeration of their
precursors are plotted in Figure 7 as well as the absolute ages
of primitive components (CAls and chondrules) measured by
Amelin et al. (2004). This absolute chronology brings together
absolute Pb-Pb ages and calculated °Al->*Mn ages, providing
a coherent Al-Mg/Mn-Cr/Pb-Pb chronology. This can be com-
pared to Figure 6 of Zinner and Gopel (2002), although, once
again, the sense of age is different in our model, because we
calculate the time of agglomeration of the chondritic precursors
of a given parent-body relative to its isotopic closure, rather
than the age of isotopic closure relative to CAI formation. Our
model provides chronology more internally consistent than the
chronology based on an assumption of homogeneity for 2°Al
and **Mn (Fig. 1).

The precursors of Forest Vale and Sainte Marguerite are
found to have agglomerated at the same time (4565.9 = 1.2 Ma
and 4565.7 = 1.2 Ma, respectively), which was to be expected
because these two meteorites are thought to come from the
same parent-body. This result could not be obtained with mod-
els assuming an homogeneous distribution of 2°Al and >*Mn,
which can only identify different isotopic closure times for the
two meteorites. In addition, the age compatibility for these two
meteorites is better than in a model assuming homogeneous
distribution of 2°Al and >*Mn (Fig. 1). As noted earlier (section
4.1), the question now relevant to the evolution of the H4
parent-body is why the two meteorites have different cooling
times.

Our model suggests that eucrite precursors agglomerated
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Fig. 6. Aluminium-26 and **Mn ages for the Forest Vale H4 chon-
drite. The CAI fraction is taken to be 0.1% (see text), and the OC
chemical model has been adopted. The dashed line is for 2°Al and the
continuous line for >Mn. 20 error bars (that take into account error on
the measurement of initial 2°Al and >*Mn ratios in Forest Vale, but
ignore the model uncertainty on the initial ratio) are shown as thin lines.
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4564.8 = 1.4 Ma ago. This is contemporaneous (within errors)
with the timing for the agglomeration of OC precursors (4565.8
Ma ago) as determined by our model, and with CV CAls and
chondrule formation measured experimentally (4567.2 = 0.1
Ma and 4566.7 £ 1.0, respectively). Angrites precursors ag-
glomerated relatively late (4561.5 = 1.8 Ma ago); this will be
discussed in the next section.

If we knew the actual precursors of the considered evolved
meteorites, it would be possible to estimate nebular residence
timescales for CAls and chondrules, looking at the differences
between the measured Pb-Pb ages for CAls and chondrules and
the calculated ages of the precursors. The fact that the calcu-
lated precursors have similar absolute ages to the measured
absolute ages of CAls and chondrules is a comforting result,
which gives credit to our assumption (supported by calcula-
tions) of short residence times of CAls and chondrules in the
accretion disk.

4.3. Problems Raised by the Absolute Chronology

There are two important consequences, and potential prob-
lems, of the absolute chronology shown in Figure 7. First, the
absolute calculated age of angrites’ precursors is fairly young
(4561.5 = 1.5 Ma). It may be problematic to have the CAI and
chondrule formation events lasting as long as 5 Ma or so.
Before we discuss the astrophysical situation in more detail, we
would like to note that this problem is independent of our

chronological model based on an heterogeneous distribution of
26Al and >*Mn. In fact, the only value we calculated is the time
between angrites and their precursors (4.3 = 1.1 Ma), the
absolute age of the angrites’ precursors being deduced from
Pb-Pb data (Jotter et al., 2003). A possibility is that the Pb-Pb
age of angrites dates a later event than the crystallisation event
recorded by 2°Al and **Mn ages. We discussed above (section
2.1) the assumption of assuming identical isotopic closure for
all the radionuclides under scrutiny. The high initial Sr isotopic
composition of angrites supports an older age for angrites
(Carlson and Lugmair, 2000) than the one inferred from Pb-Pb
data.

Second, and independently of the “true” absolute age for
angrite, the Pb-Pb data for chondrules may imply that the
chondrule formation event might have lasted for ~4 Ma, since
“chondrules” from the bencubbinite Gujba formed 4 Ma after
CV3 chondrules (Amelin et al., 2004). This conclusion is still
tentative because the nature of bencubbinite components is not
well understood. Whereas some authors contend that bencub-
binites are real chondrites, other believe they have an impact
origin (Rubin et al., 2003). Indeed, the “chondrules” in Gujba
are centimeter-sized silicate pebbles that may or may not have
formed by a similar process to chondrules from other meteorite
groups. A long timescale might be a problem for chondrule
formation models. For example, in the X-wind model, CAI and
chondrule production is linked to the existence of an active
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accretion disk and a wind (Shu et al., 2001). Active accretion
can continue as long as 10 Ma around protostars (Lyo et al.,
2003), but the duration of jet activity is less well constrained.
Their presence in more evolved objects such as T-Tauri stars is
unknown. In the shockwave model (Desch and Connolly Jr.,
2002), the persistence of a shockwave source for as long as ~4
Ma might also be problematic.

Another interesting point and potential problem is the re-
quirement of making primitive components (CAls, chondrules)
while differentiated objects already exist (Fig. 7). This problem
is linked to the duration of the chondrule forming event ex-
posed above. Because chondrule formation events have been
recently shown to have lasted as long as 4 Ma (Amelin et al.,
2004), and because many independent lines of evidence indi-
cate that differentiation of many large bodies happened early
(e.g., Wadhwa and Russell, 2000), we have to face the question
of whether large differentiated bodies can be already present in
the disk while chondrules (and CAls) are still forming.

We note that all the potential problems raised above (late
formation of the angrite precursors and long duration of the
CAI and chondrule forming events) arise because of the young
absolute ages (Pb-Pb) of angrites and Gujba chondrules, and
are independent of our model.

4.4. Model Compatibility with Other 2°Al and *Mn Data

Our model tries to build a coherent *°Al->*Mn relative chro-
nology. As such, it is inappropriate to deal with objects for
which one aspect of the data (*°Al or >>Mn) is missing. There
are, however, a few objects that have yielded important results
possibly contradictory with our model and, as such, deserve
discussion.

Carbonates in aqueously altered chondrites (petrographic
type =2) contained >*Mn at a high level when they stopped
interacting with asteroidal water. This is true of Orgueil and
Ivuna (Endress et al., 1996), but also of CM chondrites (Brear-
ley and Hutcheon, 2000). The highest ratios have been found in
the CM2 chondrite Y791198, >*Mn/>*Mn = (1.31 = 0.60) X
10~ (Brearley and Hutcheon, 2002), and in the Kaidun brec-
cia, *Mn/°*Mn = (0.94 = 0.16) X 10~ ° (Hutcheon et al.,
1999). These high initial >*Mn values signify an early aqueous
alteration activity on some of the carbonaceous chondrite par-
ent-bodies. The exact timing of this alteration obviously de-
pends on the Solar System initial >*Mn/°*Mn, in the context of
a model where short-lived radionuclides are homogeneously
distributed in the solar accretion disk, and on the initial >*Mn/
5°Mn ratio of the precursor parent-body in the context of our
model.

In our model, the >*Mn content of carbonates would date the
timing of alteration since the agglomeration of the parent-body.
The calculated initial >*Mn/**Mn of our CM model varies with
chondrule and CAI content (see Eqn. 1). Because of the very
low amount of Mn present in CAlIs (Table 1), most of the >*Mn
present in any parent-body originates from chondrules, and the
initial >>Mn/>*Mn of a CM parent-body is virtually independent
of the CAl-fraction (see below, section 4.5 and Fig. 8b). The
initial >*Mn/°*Mn of a CM parent-body varies from ~0.2 X
10~ for a chondrule content of 20% to ~0.94 X 1077 for a
chondrule content of 100%. For a CM2 parent-body having
70% or more chondrules, this initial >*Mn/>>Mn ratio (~7 X

10~°) is compatible within errors with the measured value in
the CM2 carbonates (**Mn/**Mn = (1.31 * 0.60) X 107°).

Another related problem is the compatibility of our model
with the measurements of carbonaceous chondrites (Birck et
al., 1999; Rotaru et al., 1992). Birck et al. (1999) showed that
the CI parent-body formed with an initial >>Mn/**Mn = (2.04
+ 0.33) X 1077, a value once again higher than any of our
calculated initial >*Mn/>*Mn ratios. The problem also applies to
CM2 chondrites [>*Mn/°*Mn = (1.14 + 0.33) X 10~7; Birck
et al., 1999]. Manganese-53 to manganese-55 initial ratios of
carbonaceous chondrite whole rocks and carbonates seem to
indicate that our model faces a problem of a general nature for
carbonaceous chondrites.

A possible solution to this problem is to come back to one of
our input parameters, the initial >*Mn/*’Mn ratio of carbona-
ceous chondrite chondrules. We have adopted, in absence of
measurements for the initial >*Mn/°>Mn ratio of carbonaceous
chondrite chondrules, the value of ordinary chondrite chon-
drules, >*Mn/>>Mn = 9.4 X 10~°. If carbonaceous chondrite
chondrules had a higher >*Mn/°*Mn ratio of 2-3 X 1075, all
the aforementioned problems would be solved. Indeed, if the
>3Mn/>*Mn initial ratio of carbonaceous chondrite chondrules
was equal to ~2.5 X 107>, a CM parent-body with 40%
chondrules would have an initial >*Mn/°°Mn ratio of ~1 X
1073, compatible with the initial ratio found by Birck et al.
(1999), and with the initial >*Mn/>>Mn ratio of carbonates. The
initial >*Mn/°>>Mn of the CI chondrite parent-body would be
easily reproduced by a parent-body having ~80% chondrules.
We also note that, if the initial >*Mn/>>Mn ratio of carbona-
ceous chondrites chondrules was higher than ordinary chon-
drite chondrules, it would also solve the problem of selecting
CM or CV precursors for angrites and eucrites having high
chondrule contents (see section 4.1). Indeed, if more *Mn was
initially present within chondrules, one needs fewer chondrules
to achieve a given >>Mn/>’Mn ratio, i.e., a given age (see Fig.
8d). We expect a significantly higher initial >*Mn/>>Mn ratio to
be measured in carbonaceous chondrites chondrules than in
ordinary chondrite chondrules.

4.5. Sensitivity of the Model to Input Parameters

Changing the initial >*Mn/>*Mn ratio of chondrules mod-
ifies the chondrule abundance needed to yield a given *°Al-
53Mn age (section 4.4 and Fig. 8d). What about changing
other input parameters? In other words, how robust is our
model? In Figures 3 and 4, one can appreciate the sensitivity
of our model to the chemical composition of chondrules,
CAls, and matrix (C; of Eqn. 1) because we show different
chemical models (CM, OC, CV). As already discussed,
26A1-*Mn ages depend little on the assumed chemical com-
position of the precursors. The next input parameters we
need to examine are the initial >°Al and >*Mn content of
CAIs and chondrules.

The model is insensitive to the initial >*Mn/>*Mn ratio of
CAls (Fig. 8b). This is because there is little Mn in CAls (Table
1), and therefore CAls do not contribute significantly to the
mass balance of >*Mn in the precursor parent-body (see Eqn.
1). Similarly, because Al is concentrated in CAls rather than in
chondrules, and because the 2°Al of CAls is larger than that of
chondrules (Table 1), essentially all of the initial 2°Al of the
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Fig. 8. °A1->*Mn age calculated using varying parameters for the model. A CM model has been adopted throughout. Only
one variable is changed in each panel. (a) Effect of varying the initial 2°Al/*” Al ratio of CAls from 3 to 6 X 107>, (b) Effect
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if the initial CAI ratio **Mn/°*Mn is 1 X 107° or 3 X 107>, (c) Effect of varying the initial >°Al/*’Al of chondrules from
0.5 to 2 X 107°. (d) Effect of varying the initial >*Mn/>*Mn ratio of chondrules from 9.4 to 25 X 10°.

parent-body originates from CAls. Apart from parent-bodies
having originally no CAls, the results of our model are insen-
sitive to the adopted °Al ratio of chondrules—as long as it is
not comparable to the initial *°Al of CAls (Fig. 8c). Our model
depends quite strongly on the initial 2°Al/%’Al ratio of CAls
(Fig. 8a), which is well constrained. The canonical ratio of 5 X
10~ we adopted has been established by decades of measure-
ments (MacPherson et al., 1995). Variations of 10% around it
would not significantly change the ages we calculated (Fig. 8a),
especially if the *°Al content of CAls is revised upwards, as
might be the case (Galy et al., 2004). We have already dis-
cussed above how our model depends on the initial >*Mn/°*Mn
ratio of chondrules. In this case, we also adopted the measured
values at our disposal, and in addition speculated that the initial
33Mn/>*Mn ratio of carbonaceous chondrites chondrules should
be higher than the initial >*Mn/>*Mn ratio of ordinary chon-
drites chondrules.

Our model therefore depends only strongly on the initial
26Al content of CAIs and of the initial >*Mn content of
chondrules. With the exception of the initial >*Mn content of
carbonaceous chondrite chondrules, both values are well
constrained from experimental data. The reason for this fact
is that our model is a simple mixing model, and that in a
precursor parent-body, most of the °Al is borne by CAls,
and most of the >*Mn is borne by chondrules. In writing the
elementary Eqns. 1 and 2, the only change we make com-
pared to traditional chronological models is to change the
initial 2°Al and >*Mn initial ratios by diluting them. This is
a simple way to solve the long known paradox of the high
initial value of >*Mn in CAIs (Lugmair and Shukolyukov,
1998, 2001).

To summarise, after examination of all the input data, our
model appears robust to any reasonable change of the input
data.
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Fig. 9. Initial 2Al/*” Al ratios as a function of CAI and chondrule abundances for the d’Orbigny parent-body assuming
an initial CM chemistry. The high initial content of ?°Al demonstrates that this short-lived radionuclide is a potential heat

source to melt asteroids.

4.6. Heating of Asteroids

Aluminium-26 is a gamma emitter, and has long been pro-
posed to be the heating source of asteroids (Urey, 1957). Many
workers have developed models of asteroid heating based on
the energy released by 2°Al (e.g., Bennett IIT and McSween Jr.,
1996; Ghosh and McSween Jr., 1998; Grimm and McSween
Jr., 1993). It is however only recently that the important effect
of accretion has been taken into account (Ghosh et al., 2003;
Merk et al., 2002). Because thermal models yield already a
wide spectrum of evolutionary possibilities (Ghosh et al.,
2003), modifications in the °Al initial content of parent-bodies
in our model will not bring very different outcomes, but might
open wider possibilities. The goal of this section is to show that
our model does not jeopardize the potential of 2°Al as a heat
source, i.e., that the initial 2°Al content in our parent-bodies is
sufficient for melting large asteroids.

In Figure 9 we show the initial *®Al content of the d’Orbigny
parent-body as a function of the chondrule fraction and of the
CALI fraction. Excluding the case with 0% CAls, one can see
that the initial 2°Al/>’ Al content is at least ~10~ >, and typically
a few 107>, Comparing our data to that of Ghosh et al. (2003),
it means that our calculated 2°Al/2’Al at the starting time of
accretion (their Ty r) is equal to a few X 107°. This is
compatible with the Ghosh et al. (2003) model that explores a
range of initial 2°A1/*” Al from 2.5 X 107> to 2.5 X 10~ ° (see
Table 1 of Ghosh et al., 2003).

In general, the initial 2Al/>’Al ratio of the parent-body in
our model can potentially be higher than in any model that
assumes 2°Al was homogeneously distributed in the solar ac-
cretion disk, and that chondrules formed a few Ma after CAls.
In such models, the highest possible initial 2°Al/*”Al ratio is
that of the chondrules with the highest recorded (*°A1/*”Al),,
ie., <1 X 107°. In our model, it can be as high as a few
X 107> (Fig. 9). Our model can therefore potentially overcome
problems met by other models that have too little 2°Al to melt
asteroids (Kunihiro et al., 2004).

5. CONCLUSIONS

We have developed a model of early Solar System chronol-
ogy, based on an assumption of heterogeneous distribution of
26A1 and **Mn. In this model, all evolved bodies are supposed
to be originally chondritic, i.e., to be made of a mixture of
CAls, chondrules, and matrix. This mixture determines the
initial content in *°Al and >*Mn of a chondritic parent-body as
a function of its CAI and chondrule abundance fraction. This
approach enables us to calculate *°Al->>Mn ages since the
agglomeration of the parent-body precursors until the isotopic
closure of the Al-Mg and Mn-Cr systems.

The age since agglomeration of precursors of the d’Orbigny
angrite is 4.3 £ 1.1 Myr, for the Asuka-881394 eucrite 2.8 =
1.0 Myr, for the H4 chondrite Sainte Marguerite ~3 Myr, and
for H4 Forest Vale ~5 Myr. These 2°Al->>Mn ages are found
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for realistic precursors, i.e., objects having similar or identical
petrography to the existing chondrite groups. The slight differ-
ences between the petrography of the calculated respective
chondritic precursors of the angrite and eucrite parent-bodies
and the actual chondrites is not a problem, because there is no
reason for the true chondritic precursors of eucrites and angrites
to be within the (biased) present sampling of the asteroid belt.
The calculated *°Al->>Mn ages give timescales for the evolu-
tion of the respective parent-bodies/meteorites that can be
investigated in the light of further petrographic studies. For
example, it might be possible to identify petrographic motives
for which the angrite parent-body took longer to cool than its
eucrite counterpart. This possibility of measuring the evolution
time of a given asteroid is not doable with a model assuming an
homogeneous distribution of short-lived radionuclides.

We anchor the calculated relative chronology to an absolute
chronology (Fig. 7) using absolute Pb-Pb ages and relative
Hf-W ages (for eucrites) of the objects under scrutiny. Our
model provides a fully compatible Al-Mg/Mn-Cr/Pb-Pb chro-
nology, and is shown to be robust to any reasonable change in
the input parameters. We showed that the precursors of Sainte
Marguerite and Forest Vale agglomerated at the same time
(~ 4565.8 = 1.2 Ma ago), which is coherent with the idea that
these two H4 chondrites come from the same parent-body. The
precursors of eucrites (Asuka-881394) agglomerated 4564.8 =
1.2 Ma ago, at a time when CAls and chondrules from CV3 and
CR2 chondrules were forming. The precursors of angrites ag-
glomerated late (4561.5 = 1.8 Ma ago). This late agglomera-
tion arises from a recent Pb-Pb age and not from our model.

Because the initial 2°A1/*” Al initial ratio of the parent-body
under consideration results from the mixing of phases with high
26A1 content (CAls) and phases with low 2°Al content (chon-
drules), the net initial 2Al content is higher than in models that
agglomerate parent-bodies after a 2 Ma delay, when the *°Al is
that of chondrules. Our model therefore provides ample ground
for the heating of asteroids by 2°Al decay.

We would like to note that, beyond the actual age figures we
propose, what matters is our radical change in approach. (1)
Ages do not have the same meaning as in other models, because
they count the time elapsed from the agglomeration of the
parent-body precursors to the isotopic closure of 2°Al and
53Mn. (2) It is not possible in our model to date age differences
between CAls and chondrules using °Al and >*Mn. (3) Not all
CAIs formed contemporaneously, and so their age cannot be
used as a start point for the solar system. On the other hand, the
present model makes it possible (1) to build an internally
consistent Al-Mg/Mn-Cr/Pb-Pb chronology, (2) to date the
evolution timescale of asteroids since their agglomeration to
isotopic closure.

Our model makes certain specific predictions, including that
when measured, CAls from CR chondrites should have the
same Pb-Pb age as chondrules from CR chondrites. Carbona-
ceous chondrite chondrules could have a higher >*Mn/°*Mn
initial ratio than ordinary chondrite chondrules. Undoubtedtly,
the most convincing test will be to apply it to a new short-lived
radionuclide that might have been heterogeneously distributed
in the Solar System, like '°Be. Perhaps the best test of our
model will be measurements of '°Be within chondrules and
evolved objects.

Acknowledgments—We thank J.-L. Birck, J. Duprat, G. Quitté, C.
Gopel, T. Montmerle, and A. Trinquier for insightful discussions. K.
McKeegan and two anonymous reviewers are sincerely thanked for
constructive reviews that led to a significant improvement of the paper.
Uli Ott is especially thanked for his editorial handling and many
valuable comments on the manuscript. We acknowledge the support of
the Alliance Program (Egide and British Council) that fund trans-
channel collaborations. M.G. acknowledges the support of the Pro-
gramme National de Planétologie (PNP).

Associate editor: U. Ott

REFERENCES

Allegre C. J., Manhes G., and Gopel C. (1995) The age of the Earth.
Geochim. Cosmochim. Acta 59, 1445-1456.

Amelin Y., Krot A., and Twelker E. (2004) Pb isotopic age of the CB
chondrite Gujba and the duration of the chondrule formation inter-
val. Geochim. Cosmochim. Acta 68, A759 (abstr.).

Amelin Y., Krot A. N., Hutcheon I. D., and Ulyanov A. A. (2002) Lead
isotopic ages of chondrules and calcium-aluminium-rich inclusions.
Science 297, 1678—-1683.

Bennett III M. E. and McSween Jr. H. Y. (1996) Revised model
calculations for the thermal histories of ordinary chondrite parent
bodies. Meteorit. Planet. Sci. 31, 783-792.

Birck J. L. and Lugmair G. W. (1988) Nickel and chromium isotopes
in Allende inclusions. Earth Planet. Sci. Lett. 90, 131-143.

Birck J. L., Rotaru M., and Allegre C. J. (1999) >*Mn->Cr evolution of
the early solar system. Geochim. Cosmochim. Acta 63,4111-4117.

Birck J.-L. (2004) An overview of isotopic anomalies in extraterrestrial
materials and their nucleosynthetic heritage. In Geochemistry of
Non-traditional Stable Isotopes, Vol. 55 (eds. C. M. Johnson, B. L.
Beard and F. Albarede), pp. 25-64. Mineralogical Society of
America, Washington, DC.

Birck J.-L. and Allegre C.-J. (1985) Evidence for the presence of **Mn
in the early solar system. Geophys. Res. Lett. 12, 745-748.

Birck J.-L. and Allegre C. J. (1988) Manganese-chromium isotope
systematics and the development of the early Solar System. Nature
331, 579-584.

Bischoff A. and Keil K. (1983) Ca-Al-rich chondrules and inclusions in
ordinary chondrites. Nature 303, 588-592.

Bischoff A. and Keil K. (1984) Al-rich objects in ordinary chondrites:
Related origin of carbonaceous and ordinary chondrites and their
constituents. Geochim. Cosmochim. Acta 48, 693-709.

Brearley A. J. and Hutcheon I. D. (2000) Carbonates in the CM1
chondrite ALH84034: Mineral chemistry, zoning and Mn-Cr sys-
tematics. Lunar Planet. Sci. Conf. 31, #1407 (abstr.).

Brearley A. J. and Hutcheon I. D. (2002) Carbonates in the Y-791198
CM2 chondrite: Zoning and Mn-Cr systematics. Meteorit. Planet.
Sci. 37, A23 (abstr.).

Busso M., Gallino R., and Wasserburg G. J. (2003) Short-lived nuclei
in the early Solar System: A low mass stellar source? Publications
of the Astronomical Society of Australia 20, 356-370.

Carlson R. W. and Lugmair G. W. (2000) Timescales of planetesimal
formation and differentiation based on extinct and extant radioiso-
topes. In The Origin of the Earth and the Moon (eds. R. M. Canup
and K. Righter), pp. 25-44. Arizona University Press, Tucson.

Chaussidon M., Robert F., and McKeegan K. D. (2004) Li and B
isotopic variations in Allende type B1 CAI 3529-41: Traces of
incorporation of short-lived 7Be and 10Be. Lunar Planet. Sci. Conf.
35, #1568 (abstr.).

Clayton R. N. (1993) Oxygen isotopes in meteorites. Ann. Rev. Earth
Planet. Sci. 21, 115-149.

Consolmagno G. J. and Drake M. J. (1977) Composition and evolution
of the eucrite parent body: Evidence from rare earth elements.
Geochim. Cosmochim. Acta 41, 1271-1282.

Cuzzi J. N., Davis S. S., and Doubrovolskis A. R. (2003) Blowing in
the wind. II. Creation and redistribution of refractory inclusions in
a turbulent protoplanetary nebula. Icarus 166, 385-402.

Desch S. J. and Connolly Jr.H. C. (2002) A model for the thermal
processing of particles in solar nebula shocks: Application to the
cooling rates of chondrules. Meteorit. Planet. Sci. 37, 183-207.



Early Solar System chronology 3143

Desch S. J., Connolly Jr H. C. and Srinivasan G. (2004) An interstellar
origin for the beryllium 10 in calcium-rich, aluminum-rich inclu-
sions. Astrophys. J. 602, 528-542.

Endress M., Zinner E., and Bischoff A. (1996) Early aqueous activity
on primitive meteorite parent bodies. Nature 379, 701-703.

Galy A., Hutcheon I. D., and Grossman L. (2004) (**Al/>’Al), of the
solar nebula inferred from Al-Mg systematic in bulk CAls from
CV3 chondrites. Lunar Planet. Sci. Conf. 35, 1790 (abstr.).

Ghosh A. and McSween Jr. H. Y. (1998) A thermal model for the
differentiation of asteroid 4 Vesta, based on radiogenic heating.
Icarus 134, 187-206.

Ghosh A., Weidenschilling S. J., and McSween Jr. H. Y. (2003)
Importance of the accretion process in asteroid thermal evolution:
6Hebe as an example. Meteorit. Planet. Sci. 38, 711-724.

Gilmour I. D. and Saxton J. M. (2001) A time-scale of formation of the
first solids. Phil. Trans. R. Soc. Lond. A 359, 2037-2048.

Gopel C., Manhes G., and Allegre C. J. (1994) U-Pb systematics of
phosphates from equilibrated ordinary chondrites. Earth Planet.
Sci. Lett. 121, 153-171.

Gounelle M. and Russell S. S. (2004) On early Solar System chronol-
ogy: Implications of an initially heterogeneous distribution of short-
lived radionuclides. Lunar Planet. Sci. Conf. 35, # 2126 (abstr.).

Gounelle M., Shu F. H., Shang H., Glassgold A. E., Rehm K. E., and
Lee T. (2001) Extinct radioactivities and protosolar cosmic-rays:
Self-shielding and light elements. Astrophys. J. 548, 1051-1070.

Grimm R. E. and McSween Jr. H. Y. (1993) Heliocentric zoning of the
asteroid belt by Aluminum-26 heating. Science 259, 653—655.

Hsu W., Wasserburg G. J., and Huss G. R. (2000) High time resolution
by use of the 2°Al chronometer in the multistage formation of a
CAL Earth Planet. Sci. Lett. 182, 15-29.

Huss G. R., MacPherson G. J., Wasserburg G. J., Russell S. S., and
Srinivasan G. (2001) Aluminum-26 in calcium-aluminum-rich in-
clusions and chondrules from unequilibrated ordinary chondrites.
Meteorit. Planet. Sci. 36, 975-997.

Hutcheon I. D., Weisberg M. K., Phinney D. L., Zolensky M. E., Prinz
M., and Ivanov A. V. (1999) Radiogenic **Cr in Kaidun carbonates:
Evidence for very early aqueous alteration. Lunar Planet. Sci. Conf.
30, #1722 (abstr.).

Itoh S. and Yurimoto H. (2003) Contemporaneous formation of chon-
drules and refractory inclusions in the early Solar System. Nature
423, 728-731.

Jones R. H., Lee T., Connolly Jr. H. C., Love S. G., and Shang H.
(2000) Formation of chondrules and CAls: Theory vs. observation.
In Protostars and Planets IV (eds. V. Mannings, A. P. Boss, and
S. S. Russell), pp. 927-962. Arizona University Press, Tucson.

Jones R. H., Leshin L. A., Guan Y., Sharp Z. D., Durakiewicz T., and
Schilk A. J. (2004) Oxygen isotope heterogeneity in chondrules
from the Mokoia CV3 carbonaceous chondrite. Geochim. Cosmo-
chim. Acta 68, 3423-3438.

Jotter R., Jagoutz E., Varela M. E., Zartman R., and Kurat G. (2003)
Lead isotopic study of glasses from the d’Orbigny angrite. Mete-
orit. Planet. Sci. 38 (Suppl.), A53 (abstr.).

Jurewicz A. J. G., Mittlefehldt D. W., and Jones J. H. (1993) Experi-
mental melting of the Allende (CV) and Murchison (CM) chon-
drites and the origin of asteroidal basalts. Geochim. Cosmochim.
Acta 57, 2123-2139.

Jurewicz A. J. G., Jones J. H., Mittlefehldt D. W., and Longhi J. (2004)
Devolatilized-Allende partial melts as an analog for primitive ang-
rite magmas. Lunar Planet. Sci. Conf. 35, #1417 (abstr.).

Kita N. T., Nagahara H., Togashi S., and Morishita Y. (2000) A short
duration of chondrule formation in the solar nebula: Evidence from
26Al in Semarkona ferromagnesian chondrules. Geochim. Cosmochim.
Acta 64, 3913-3922.

Kleine T., Miinker C., Mezger K., and Palme H. (2002) Rapid accretion
and early core formation on asteroids and the terrestrial planets
from Hf-W chronometry. Nature 418, 952-955.

Krot A. N., McKeegan K. D., Huss G. R., Liffman K., and Sahijpal S.
(in press) Aluminium-magnesium and oxygen isotope study of
relict Ca-Al-rich inclusions in chondrules. Astrophys. J.

Kunihiro T., Rubin A. E., McKeegan K. D., and Wasson J. T. (2004)
Initial °A1/*’Al in carbonaceous-chondrite chondrules: Too little
26Al to melt asteroids. Geochim. Cosmochim. Acta 68, 2947-2957.

LaTourette T. and Wasserburg G. J. (1998) Mg diffusion in anorthite:
Implications for the formation of early solar system planetesimals.
Earth Planet. Sci. Lett. 158, 91-108.

Lee M. R. and Greenwood R. C. (1994) Alteration of calcium- and
aluminium- rich inclusions in the Murray (CM2) carbonaceous
chondrite. Meteorit. Planet. Sci. 29, 780-790.

Lee T., Shu F. H., Shang H., Glassgold A. E., and Rehm K. E. (1998)
Protostellar cosmic rays and extinct radioactivities in meteorites.
Astrophys. J. 506, 898-912.

Leya L., Halliday A. N., and Wieler R. (2003) The predictable collateral
consequences of nucleosynthesis by spallation reactions in the early
Solar System. Astrophys. J. 594, 605-616.

Lugmair G. W. and Galer S. J. G. (1992) Age and isotopic relationships
among the angrites Lewis Cliff 86010 and Angra dos Reis.
Geochim. Cosmochim. Acta 56, 1673—-1694.

Lugmair G. W. and Shukolyukov A. (1998) Early solar system time-
scales according to **Mn->*Cr systematics. Geochim. Cosmochim.
Acta 62, 2863-2886.

Lugmair G. W. and Shukolyukov A. (2001) Early solar system events
and timescales. Meteorit. Planet. Sci. 36, 1017-1026.

Lyo A.R., Lawson W. A., Mamajek E. E., Feigelson E. D., Sung E.-C.,
and Crause L. A. (2003) Infrared study of the m Chamaeleontis
cluster and the longevity of circumstellar discs. Mon. Not. R.
Astron. Soc. 338, 616-622.

MacPherson G. J., Davis A. M., and Zinner E. K. (1995) The distri-
bution of aluminum-26 in the early Solar System—A reappraisal.
Meteoritics 30, 365-386.

Manhes G., Gopel C., and Allegre C. J. (1988) Systématique U-Pb dans
les inclusions réfractaires d’ Allende: le plus vieux matériau solaire.
Comptes-rendus de I’ATP Planétologie 323-327.

Marhas K. K., Goswami J. N., and Davis A. M. (2002) Short-lived
nuclides in hibonite grains from Murchison: Evidence for Solar
System evolution. Science 298, 2182-2185.

Marhas K. K., Hutcheon I. D., Krot A. N., Goswami J. N., and
Komatsu M. (2000) Aluminum-26 in carbonaceous chondrite chon-
drules. Meteorit. Planet. Sci. 35, A102 (abstr.).

Maruyama S. and Yurimoto H. (2003) Relationship among O, Mg
isotopes and the petrography of two spinel-bearing compound
chondrules. Geochim. Cosmochim. Acta 67, 3943-3957.

McKeegan K. D. and Davis A. M. (2004) Early Solar System chro-
nology. In Treatise on Geochemistry, Vol. 1 (eds. H. D. Holland
and K. K. Turekian), pp. 431-460. Elsevier-Pergamon, Oxford.

McKeegan K. D., Leshin L. A., Russell S. S., and MacPherson G. J.
(1998) Oxygen isotopic abundances in calcium-aluminum-rich in-
clusions from ordinary chondrites: Implications for nebular heter-
ogeneity. Science 280, 414—-418.

McKeegan K. D., Greenwood J. P., Leshin L. A., and Cosarinsky M.
(2000) Abundance of 2°Al in ferromagnesian chondrules of un-
equilibrated ordinary chondrites. Lunar Planet. Sci. Conf. 31,
#2009 (abstr.).

McKeegan K. D., Krot A. N., Taylor D. J., Sahijpal S., and Ulyanov
A. A. (2004) Evaluation of 2°Al/Al at crystallization in
Efremovka CAls by high precision, in situ ion microprobe analyses.
Meteorit. Planet. Sci. 39, A66 (abstr.).

Meibom A. and Clark B. E. (1999) Evidence for the insignifiance of
ordinary chondritic material in the asteroid belt. Meteorit. Planet.
Sci. 34, 7-24.

Merk R., Breuer D., and Spohn T. (2002) Numerical modeling of
26Al-induced radioactive melting of asteroids considering accre-
tion. Icarus 159, 183-191.

Meyer B. S. and Clayton D. D. (2000) Short-lived radioactivities and
the birth of the sun. Space Sci. Rev. 92, 133-152.

Mostefaoui S., Lugmair G. W., Hoppe P., and El Goresy A. (2004)
Evidence for live ®°Fe in meteorites. New Astronomy Rev. 48,
155-159.

Mostefaoui S., Kita N. T., Togashi S., Tachibana S., Nagahara H., and
Morishita Y. (2002) The relative formation ages of ferromagnesian
chondrules inferred from their initial aluminum-26/aluminum-27
ratios. Meteorit. Planet. Sci. 37, 421-438.

Niemeyer S. (1988) Titanium isotopic anomalies in chondrules from
carbonaceous chondrites. Geochim. Cosmochim. Acta 52,309-318.

Nyquist L., Lindstrom D., Mittlefehldt D., Shih C.-Y., Wiesmann H.,
Wentworth S., and Martinez R. (2001) Manganese-chromium for-



3144 M. Gounelle and S. S. Russell

mation intervals for chondrules from the Bishunpur and Chainpur
meteorites. Meteorit. Planet. Sci. 36, 911-938.

Nyquist L. E., Shih C. Y., Wiesmann H., and Mikouchi T. (2003a)
Fossil °Al and **Mn in d’Orbigny and Sahara 99555 and the
timescale for angrite magmatism. Lunar Planet. Sci. Conf. 34,
#1388 (abstr.).

Nyquist L. E., Reese Y., Wiesmann H., Shih C. Y., and Takeda H.
(2003b) Fossil 2°Al and >*Mn in the Asuka 881394 eucrite: Evi-
dence of the earliest crust on asteroid 4 Vesta. Earth Planet. Sci.
Lert. 214, 11-25.

Papanastassiou D. A., Bogdanovski O., and Wasserburg G. J. (2002)
33Mn->3Cr systematics in Allende refractory inclusions. Meteorit.
Planet. Sci. 37 (Suppl.), A114 (abstr.).

Polnau E. and Lugmair G. W. (2001) Mn-Cr isotope systematics in the
two ordinary chondrites Richardton (HS) and Ste. Marguerite (H4).
Lunar Planet. Sci. Conf. 32, #1527 (abstr.).

Polnau E., Lugmair G. W., Shukolyukov A., and Maclsaac Ch. (2000)
Manganese-chromium isotopic systematics in the ordinary chon-
drite Forest Vale (H4). Meteorit. Planet. Sci. 35 (Suppl.), A128
(abstr.).

Quitté G. and Halliday A. N. (2004) Nickel isotopes in eucrites and the
discordance between isotopic chronologies. Meteorit. Planet. Sci.
39, A88 (abstr.).

Quitté G., Birck J.-L., and Allegre C. J. (2000) '82Hf-'8?W systematics
in eucrites: The puzzle of iron segregation in the early solar system.
Earth Planet. Sci. Lett. 184, 83-94.

Rotaru M., Birck J.-L., and Allegre C. J. (1992) Clues to early Solar
System history from chromium isotopes in carbonaceous chon-
drites. Nature 358, 465—-470.

Rubin A. E. and Wasson J. T. (1986) Chondrules in the Murray CM2
meteorite and compositional differences between CM-CO and ordi-
nary chondrite chondrules. Geochim. Cosmochim. Acta 50, 307-315.

Rubin A. E. and Wasson J. T. (1987) Chondrules, matrix and coarse-
grained chondrule rims in the Allende meteorite: Origin, interrela-
tionships and possible precursor components. Geochim. Cosmo-
chim. Acta 51, 1923-1937.

Rubin A. E. and Pernicka E. (1989) Chondrules in the Sharps H3
chondrite: Evidence for intergroup compositional differences
among ordinary chondrite chondrules. Geochim. Cosmochim. Acta
53, 187-195.

Rubin A. E., Kallemeyn G. W., Wasson J. T., Clayton R. N., Mayeda
T. K., Grady M., Verchovsky A. B., Eugster O., and Lorenzetti S.
(2003) Formation of metal and silicate globules in Gujba: A new
Bencubbin-like meteorite fall. Geochim. Cosmochim. Acta 67,
3283-3298.

Russell S. S., Gounelle M., and Hutchison R. (2001) Origin of short-
lived radionuclides. Phil. Trans. R. Soc. Lond. A 359, 1991-2004.

Russell S. S., Gounelle M., Jeffries T. E., and Alard O. (2002) REEs in
Al-rich chondrules: Clues to their origin. Geochim. Cosmochim.
Acta 66 (Suppl.), A657 (abstr.).

Russell S. S., Srinivasan G., Huss G. R., Wasserburg G. J., and MacPher-
son G. J. (1996) Evidence for widespread °Al in the solar nebula and
constraints for nebula time scales. Science 273, 757-762.

Scott E. R. D., Love S. G., and Krot A. N. (1996) Formation of
chondrules and chondrites in the protoplanetary nebula. In Chon-
drules and the Protoplanetary Disk (eds. Hewins R. H., Jones, and
R. H. Scott E. R. D.), pp. 87-96. Cambridge University Press,
Cambridge.

Shu F. H., Shang H., Glassgold A. E., and Lee T. (1997) X-rays and
fluctuating x-winds from protostars. Science 277, 1475-1479.

Shu F. H., Shang S. H., Gounelle M., Glassgold A. E., and Lee T.
(2001) The origin of chondrules and refractory inclusions in chon-
dritic meteorites. Astrophys. J. 548, 1029-1050.

Shukolyukov A. and Lugmair G. W. (1993) ®Fe in eucrites. Earth
Planet. Sci. Lett. 119, 159-166.

Shukolyukov A. and Lugmair G. W. (2000) On the >*Mn heterogeneity
in the early Solar System. In From Dust to Terrestrial Planets (eds.
W. Benz, R. Kallenbach and G. W. Lugmair), pp. 225-236.
Kluwer, Dordrecht.

Srinivasan G., Krot A. N., and Ulyanov A. A. (2000a) Aluminum-
magnesium systematics in anorthite-rich chondrules and Calcium-
Aluminum-rich Inclusions from the reduced CV chondrite
Efremovka. Meteorit. Planet. Sci. 35, A151-A152 (abstr.).

Srinivasan G., Huss G. R., and Wasserburg G. J. (2000b) A petro-
graphic, chemical and isotopic study of calcium-aluminum-rich
inclusions and aluminum-rich chondrules from the Axtell (CV3)
chondrite. Meteorit. Planet. Sci. 35, 1333—-1354.

Swindle T. D., Davis A. M., Hohenberg C. M., MacPherson G. J., and
Nyquist L. E. (1996) Formation times of chondrules and Ca-Al-rich
inclusions: Constraints from short-lived radionuclides. In Chon-
drules and the Protoplanetary Disk (eds. R. H. Hewins, R. H.
Jones, and E. R. D. Scott), pp. 77-86. Cambridge University Press,
Cambridge.

Sylvester P. J., Simon S. B., and Grossman L. (1993) Refractory
inclusions from the Leoville, Efremovka, and Vigarano C3V chon-
drites: Major element differences between Types A and B and
extraordinary refractory siderophile element compositions.
Geochim. Cosmochim. Acta 57, 3763-3784.

Tachibana S. and Huss G. R. (2003) The initial abundance of *°Fe in
the Solar System. Astrophys. J. 588, L41-1.44.

Urey H. C. (1957) The cosmic abundances of potassium, uranium and
thorium and the heat balances of the Earth, the Moon and Mars.
Proc. Nat. Acad. Sci. U.S. 41, 127-144.

Vanhala H. A. T. and Boss A. P. (2002) Injection of radioactivities into
the forming Solar System. Astrophys. J. 575, 1144-1150.

Wadhwa M. and Russell S. S. (2000) Timescales of accretion and
differenciation in the early solar system. In Protostars and Planets
IV (eds. V. Mannings, A. P. Boss and S. S. Russell), pp. 995-1018.
Arizona University Press, Tucson.

Wadhwa M., Foley C. N., Janney P. E., and Spivak-Birndorf L. (2004)
Mg isotopic systematics in eucrites: Implications for the *°Al-**Mg
chronometer. Lunar Planet. Sci. Conf. 35, #1843 (abstr.).

Wasserburg G. J., Busso M., and Gallino R. (1996) Abundances of
actinides and short-lived nonactinides in the interstellar medium:
Diverse supernova sources for the r-process. Astrophys. J. 466,
L109-L113.

Weidenschilling S. J. (1977) Aerodynamics of solid bodies in the solar
nebula. Mon. Not. R. Astron. Soc. 180, 57-70.

Wood J. A. (2004) Formation of chondritic refractory inclusions: The
astrophysical setting. Geochim. Cosmochim. Acta 68, 4007-4021.

Young E. D., Galy A., Simon J. I., Tonui E., Russell S. S., and Lovera
0. (2005) Supra-canonical 2°Al/*’Al and the residence time of
CAIs in the solar protoplanetary disk. Science 308, 223-227.

Zinner E. (2003) An isotopic view of the early Solar System. Science
300, 265-267.

Zinner E. and Gopel C. (2002) Aluminum-26 in H4 chondrites: Impli-
cations for its production and its usefulness as a fine-scaled chro-
nometer for early solar system events. Meteorit. Planet. Sci. 37,
1001-1013.

Zolensky M., Barrett R., and Browning L. (1993) Mineralogy and
composition of matrix and chondrule rims in carbonaceous chon-
drites. Geochim. Cosmochim. Acta 57, 3123-3148.



	On early Solar System chronology: Implications of an heterogeneous spatial distribution of 26Al and 53Mn
	INTRODUCTION
	MODEL
	Model Outline
	Model Assumptions, Input Data, and Free Parameters

	RESULTS
	The 26Al- 53Mn Ages of the Asuka-881394 Eucrite and the d'Orbigny Angrite
	The 26Al-53Mn Ages of the H4 Chondrites Sainte Marguerite and Forest Vale

	DISCUSSION
	26Al-53Mn Ages and Possible Parent-Body Precursors
	Building an Absolute Chronology
	Problems Raised by the Absolute Chronology
	Model Compatibility with Other 26Al and 53Mn Data
	Sensitivity of the Model to Input Parameters
	Heating of Asteroids

	CONCLUSIONS
	Acknowledgments
	REFERENCES


