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Abstract—High-precision bulk aluminum-magnesium isotope measurements of calcium-
aluminum-rich inclusions (CAls) from CV carbonaceous chondrites in several laboratories
define a bulk 2°Al-**Mg isochron with an inferred initial *°Al/>’Al ratio of approximately
5.25 x 107>, named the canonical ratio. Nonigneous CV CAIs yield well-defined internal
26A1-Mg isochrons consistent with the canonical value. These observations indicate that
the canonical 2°Al/?’Al ratio records initial Al/Mg fractionation by evaporation and
condensation in the CV CAl-forming region. The internal isochrons of igneous CV CAls
show a range of inferred initial 2°Al/2’Al ratios, (4.2-5.2) x 107>, indicating that CAI
melting continued for at least 0.2 Ma after formation of their precursors. A similar range of
initial 2°A1/>”Al ratios is also obtained from the internal isochrons of many CAIs (igneous
and nonigneous) in other groups of carbonaceous chondrites. Some CAls and refractory
grains (corundum and hibonite) from unmetamorphosed or weakly metamorphosed
chondrites, including CVs, are significantly depleted in °Al. At least some of these
refractory objects may have formed prior to injection of “°Al into the protosolar molecular
cloud and its subsequent homogenization in the protoplanetary disk. Bulk aluminum and
magnesium-isotope measurements of various types of chondrites plot along the bulk CV
CALI isochron, suggesting homogeneous distribution of °Al and magnesium isotopes in the
protoplanetary disk after an epoch of CAI formation. The inferred initial **A1/>’Al ratios of
chondrules indicate that most chondrules formed 1-3 Ma after CAls with the canonical
25A1/2" Al ratio.

INTRODUCTION

Calcium-aluminum-rich inclusions (CAls) in CV
(Vigarano type) carbonaceous chondrites have the
oldest measured Pb-Pb ages of any early solar system
objects (Amelin et al. 2002, 2010; Bouvier and Wadhwa
2010; Bouvier et al. 2011b; Connelly et al. 2012). The

mineralogy and major element chemistry of CAls are
generally similar to those expected for solids in
equilibrium with a high-temperature (7> 1300 K) gas
of solar composition (e.g., Grossman 1972; but sece
Grossman et al. [2000] for a discussion of the
differences). Amoeboid olivine aggregates (AOAs) are
mostly loose aggregates of olivine that enclose small
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CAIs. The oxygen-isotope ratios of CAls and AOAs are
enriched in 'O by approximately 50%, compared to the
terrestrial mantle (e.g., Clayton et al. 1973; Yurimoto
et al. 2008) and are similar to those of the Sun inferred
from the analyses of solar wind returned by the
GENESIS spacecraft (McKeegan et al. 2011). CAls also
contain excess '°B from the in situ decay of the short-
lived radionuclide '°Be, which might form largely by
solar energetic particle irradiation at the time of CAI
formation (e.g., McKeegan et al. 2000; MacPherson
et al. 2003; Wielandt etal. 2012). The above
observations collectively indicate that CAls and AOAs
formed from a gas of approximately solar composition
in the hot (ambient temperature > 1300 K) innermost
region of the protoplanetary disk at the birth of the
solar system, and subsequently were transported to
outer disk regions (e.g., Shu et al. 1996; Ciesla 2010).
In contrast, the petrologic, chemical, and isotopic
characteristics of chondrules indicate that they formed
by transient heating events in the dust-enriched and
relatively cold (ambient temperature < 650 K) regions
of the protoplanetary disk (e.g., Connolly and Love
1998; Alexander et al. 2008). Absolute U-Pb chronology
(Amelin et al. 2010) and relative *°Al-**Mg chronology
of chondrules (e.g., Kita et al. 2000; Kurahashi et al.
2008a; Villeneuve et al. 2009) both indicate that most
chondrules solidified 2-3 million years (Ma) after CAls,
although some chondrules appear to have formed
contemporaneously with CAls (e.g., Yin et al. 2009;
Connelly et al. 2012).

MacPherson et al. (1995) suggested that, on a large
scale, °Al was distributed homogeneously in the early
solar system although grain-to-grain heterogeneities
clearly existed. More recent studies are consistent with
this conclusion (Kita et al. 2005; Krot et al. 2009;
Villeneuve et al. 2009). If the assumption that *°Al was
homogeneous in the early solar system is correct, the
26A1->°Mg system provides the highest time-resolution
among the short-lived radionuclide chronometers due to
the short half-life of *°Al, 0.705 Ma (Norris et al. 1983).
Here, we summarize recent results on the inferred initial
26A1/*’Al ratios in CAIs, AOAs, and chondrules based
on the high-precision magnesium isotope measurements
using multicollector secondary ion mass spectrometry
(MC-SIMS) and multicollector inductively coupled
plasma mass spectrometry (MC-ICP-MS). The relative
ages of CAls, AOAs, and chondrules inferred from the
2Al-*Mg  chronometer thus provide important
constraints on the models of the solar protoplanetary
disk evolution (e.g., Ciesla 2010; Cuzzi et al. 2010). This
article is focused primarily on recent high-precision CAI
and AOA data; the chondrule data were discussed
thoroughly in two recent review papers (Krot et al.
2009; Kita and Ushikubo 2012).
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INITIAL AL/*’AL RATIO IN THE
PROTOPLANETARY DISK

MacPherson et al. (1995) showed that the initial
26A1/*’Al ratio, denoted herein as (*°Al/*’Al),, in most
CAIs was approximately 5 x 107>, This value, commonly
referred to as the “canonical” ratio, is considered to
represent the initial °Al1/2’Al ratio of the solar system.
Recently, this ratio has been re-evaluated using high-
precision MC-ICP-MS measurements of bulk CAls from
CV carbonaceous chondrites. The first such studies
(Bizzarro et al. 2004, 2005; Thrane et al. 2006) gave
results that were inconsistent with each other, including
the report of so-called supracanonical (**Al/>’Al), values
significantly greater than 5 x 107> (Thrane et al. 2006).
After improved calibration of mass spectrometric analysis
of 2’A1/**Mg ratios, B. Jacobsen et al. (2008) analyzed 6
Allende CAIs and reported  (*°Al*’Al), of
(5.23 4+ 0.13) x 107> (Fig. 1a). Baker (2008) and S. B.
Jacobsen et al. (2008) also reported similar value to that
of B. Jacobsen et al. (2008). Most recently, Larsen et al.
(2011) reported (*°Al/>’Al), of (5.25 + 0.02) x 107> from
S bulk CAIs and 5 bulk AOAs from the reduced CV
chondrite Efremovka (Fig. 1b). Thus, the initial *°A1/>’Al
ratio inferred from bulk CV CAls is precisely and
consistently defined as approximately 5.25 x 107> by
multiple laboratories.

In all of the studies cited above, the bulk CAI
isochron data were obtained from diverse types of CV
CAIs, including both nonmelted (primitive) and melted
(reprocessed) inclusions. Collectively, these CAls as a
group show a wide range of mass-dependent
fractionation of magnesium isotopes, with 8>°Mg
ranging from —49,, to +129,,. The inference is that these
CAIs experienced various types of high-temperature
events, such as nonequilibrium condensation of
refractory solids from gas and kinetically controlled
evaporation of refractory melts. The fact that such
diverse CAIs (and CAI histories) define a single
coherent trend on the bulk 2°Al-*°Mg isochron
diagrams indicates that the initial and principal
aluminum-magnesium fractionation, i.e., the original
formation of CV CAls or their precursors by
evaporation and condensation processes, occurred
within a short period of time, <20 ka (Thrane et al.
2006; B. Jacobsen et al. 2008). High-precision internal
CAI isochrons indicate that the primitive, unmelted
CAls tend to have values of (*°Al/’Al), close to
5.2 x 107>, consistent with the bulk CAI isochrons,
whereas melted and otherwise heavily reprocessed CAls
give a range of values (MacPherson et al. 2010, 2012).
Thus, although primitive CAlIs and CAI precursors
formed over a very short time, reprocessing continued
over at least another 0.2 Ma.
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Fig. 1. The *°Al*®Mg isochron of bulk CAIs from CV
chondrites. a) Bulk Allende CAI isochron from B. Jacobsen
et al. (2008). By defining the excess Mg (5°°Mg*) to be
the deviation of (**Mg/**Mg) ratio from the terrestrial
reference line in parts per thousand (%), (C°Al7Al), is
estimated from the slope of the AI-Mg isochron regression
with the equation; &°Mg* = (8*°Mg*), + (C°Al/*’Al), x
('Al*Mg) x 10%/(*°Mg/**Mg)psms, where (8%°Mg*), is the
intercept of the isochron regression line (see Appendix). Two
altered CAls that are off the regression line were not included
for isochron regression. b) Bulk Efremovka CAI-AOA
isochron by Larsen et al. (2011). The unit of Y-axis is
converted to 8*°Mg* (%,) from p**Mg* (ppm) in the original
figure.

One of the consequences of the large improvements
in analytical precision over the past 10 yr or so is that
fine details of the correction procedure now matter
relative to the precision of the data. A lively debate has
arisen over the form of the equation to be used for
correction of intrinsic mass-dependent isotopic
fractionation. Equally debated is the value of the
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fractionation coefficient, B. A detailed discussion of
these issues is given in the Appendix.

VARIATIONS IN 2°AL/*’AL RATIOS AMONG CAIS
CAIs from CV Chondrites

Many CV CAIs experienced one or more reheating
events in the solar nebula that resulted in, e.g., melting,
solid-state recrystallization, and back reactions between
the solids and the surrounding gas (e.g., MacPherson
and Davis 1993; Hsu et al. 2000). Thus, the internal
26A1-**Mg isochron of any individual inclusion dates the
time of last crystallization provided that the magnesium
isotopes in the CAI were internally homogenized (i.e.,
complete resetting of the *°Al-**Mg system), which may
or may not have been at the time of original
CAI precursor formation. Less extreme secondary
reprocessing, whether in the nebula or on the CV parent
body, commonly did not reset the “°Al-**Mg system and
the observed result is disturbed isochrons. In such cases,
the inferred initial (*°Al/*’Al), at the time of those events
may or may not be determined accurately. For example,
Podosek et al. (1991) reported disturbed isochrons in
some Allende CAIs that experienced only incomplete
melting or solid-state recrystallization, and these did not
give clear (**Al/*’Al), values. Conversely, MacPherson
et al. (2012) analyzed a complex CAI from Vigarano
that preserved relicts of the premelted CAI and in this
case, both the relicts and the host (melted) CAI
individually gave isochrons, which are well resolved from
each other. The difference in slope between the two
corresponds to a difference in time of formation of
about 0.6 Ma.

The large differences in Al/Mg ratios among the
major mineral phases in CAls mean in principle that
internal isochrons of individual CAIs can be very
tightly constrained. In type A CAls, melilite
(Ca,Al,Si07-Ca>,MgSi»O5 solid solution) is Al-rich and
has high *’Al/**Mg ratios of 10-100, whereas
pyroxene (CaMgSi»O4-CaAl,SiO6-CaTi* " Al,Og-CaTi® "
AlSiOg solid solution) and spinel (MgAl,O4) show
lower *’Al/**Mg ratios of less than <5 and
approximately 2.6, respectively. Fine-grained spinel-rich
CAIs (e.g., Fig. 2a) also contain aluminum-rich
melilite, but their grain sizes require SIMS spot sizes
<5 um to obtain a full range of 2’Al/**Mg ratios
(Fig. 3; MacPherson et al. 2012). In the pyroxene-rich
type B CAIls (Fig. 2b), melilite is more magnesium-
rich than in type As, and anorthite (CaAl,Si,Og)
shows the highest 2’Al/**Mg ratios of 200-400
(Fig. 4a). Again, pyroxene and spinel show lower
YAl/**Mg  ratios (Fig. 4b). Type B CAls are
sufficiently coarse-grained that 20-30 um spot sizes are
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Fig. 2. Examples of unmelted and melted CAls. (a) Leoville
3536-1 (fine-grained spinel-rich inclusion) is an aggregate of
fine-grained (<5 pm) minerals that never experienced melting
(MacPherson et al. 2010). (b) Leoville 3535-1 type B CAI
consists of coarse-grained (>100 pm) minerals that were
crystallized from melt (Kita et al. 2012). Mineral phases:
“An”- anorthite, “Al-Di”-aluminum-rich diopside, “Fas”-
fassaite, “Mel”-melilite, and “Sp”-spinel.

possible during SIMS analysis (Kita et al. 2012). The
analyses of mineral separates using solution ICP-MS
are possible for large type B CAIs (e.g., B. Jacobsen
et al. 2008).

High-precision  internal ~ *°Al-**Mg  isochrons
obtained from different types of CV CAls (B. Jacobsen
et al. 2008; MacPherson et al. 2010, 2012; Bouvier and
Wadhwa 2010; Kita et al. 2012) are summarized in
Fig. 5. For comparison purposes, it should be noted
that in most of these studies, the magnesium-isotope
ratios were corrected for mass-dependent fractionation
using P =0.514 as inferred from the evaporation
experiments of a CAI composition melt (Davis et al.
2005). However, B. Jacobsen et al. (2008) used
B =0.511. The critical point is that the slopes of
isochrons are not significantly affected by using one or
the other of these two B values (see Table 1A; and also
fig. 4 of Wasserburg et al. 2012). Most of these CAls
show a relatively narrow range of (*°Al/*’Al),, (4.2—
5.3) x 107°. As reported by MacPherson et al. (2012)
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Fig. 3. Internal isochron of unmelted CAI, Vigarano F8 FTA
(MacPherson et al. 2012). Melilite data show excess 8°°Mg*
up to approximately 35%, and the data from multiple phases,
including melilite, fassaite, spinel, and hibonite, define well
correlated isochron diagram. The (*°Al/?’Al), agrees with that
of bulk CAI isochron within analytical uncertainties.

based on the 2°Al->°Mg analyses of six Vigarano CAIs,
there are systematic differences between melted and
unmelted CAIs. Unmelted refractory inclusions in
Fig. 5 include one FTA, a fine-grained spinel-rich
inclusion, and one AOA. The FTA and the fine-grained
inclusion, Vigarano 3138-F8 (labeled F8 on Fig. 5) and
Leoville 3536-1, show (*°Al/*’Al), of (527 +
0.17) x 107> and (5.29 + 0.28) x 10> (MacPherson
et al. 2010, 2012), respectively, that are indistinguishable
from those of the bulk CV CAI isochron (B. Jacobsen
et al. 2008; Larsen et al. 2011). An amoeboid olivine
aggregate from Vigarano (Vig 3138-F5, labeled F5 on
Fig. 5)  yields  (*°Al/*’Al), = (5.13 + 0.10) x 107°
(MacPherson et al. 2012), which is marginally lower
than that of bulk CV CAIs reported by Larsen et al.
(2011). These data indicate that the solidification of the
most primitive (unmelted) CAls occurred within a very
short time, <50 ka, after the initial aluminum-—
magnesium fractionation event recorded by the bulk
CV CAI isochron (Fig. 5).

Melted CAIls represented in Fig. 5 include compact
type As (CTAs), type Bs, and one type C (pyroxene-
anorthite-rich) CAIL. The two CTAs from Vigarano, Vig
3138-F6 and Vig 3138-F9, show distinct (*°Al/*’Al),
values of (4.2 +0.4) x 107> and (5.2 + 0.3) x 1072,
respectively (MacPherson et al. 2012). Six type B CAls
were analyzed using MC-ICP-MS analyses of mineral
separates (B. Jacobsen et al. 2008; Bouvier and
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Fig. 4. Internal isochron of melted CAI, Leoville 3535-1 type
B CAI (Kita et al. 2012). a) Isochron was regressed through
multiple mineral phases. Anorthite data show excess 8°°Mg*
up to 1309, with well-correlated isochron. b) Expanded view
near the origin of the isochron, showing melilite, spinel, and
fassaite data. The (*°Al/>’Al), value is slightly lower than that
of bulk CAI isochron.

Wadhwa 2010) and high-precision MC-SIMS analyses
(Kita et al. 2012; MacPherson et al. 2012). They show a
narrow range of variations in (*°Al/*’Al), of (4.5-
5.0) x 107°, with four of them clustering at
approximately 5.0 x 107°. MacPherson et al. (2012)
also reported a compound type C CAI (Vig 3138-F4)
that consists of a relict type A region surrounded by
type B and type C mantles, sequentially. They obtained
(*°Al/*7Al)y = (4.8 & 0.3) x 107> for the relict type A,
while the type C region vyielded a ratio of
(2.8 + 0.8) x 107 that is significantly lower than that
of other CAIs. Collectively, most CV CAls were
reprocessed within 0.2 Ma of their primary formation,
but the reprocessing of some CV CAIs continued for
nearly approximately 1 Ma, possibly in regions where
chondrules were being formed (MacPherson et al. 2012).
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Fig. 5. The (*°Al/*’Al), values of CAls from CV chondrites
including both bulk isochron and internal isochron (after
MacPherson et al. 2012). Data sources: B. Jacobsen et al.
(2008); Bouvier and Wadhwa (2010); Larsen et al. (2011); Kita
et al. (2012); MacPherson et al. (2012). Open symbols are data
reported in MacPherson et al. (2012) and filled symbols are
from other literatures. Unmelted CAls (FTAs and AOA) older
than melted CAls. Most CAls formed and reprocessed within
approximately 0.2 Ma, except for one type C CAI (F4) that
experienced melting approximately 0.7 Ma later.

MacPherson et al. (2012) also showed a
magnesium-isotope evolution diagram, following the
work of Villeneuve et al. (2009) that compares the
intercepts of the 2°Al-**Mg isochron ((3°°Mg*),) of each
CAI with its respective (*°Al/>’Al),. Most of their CAI
data are consistent with closed system evolution since
the establishment of the bulk CAI isochron at
26A1/27Al = 5.25 x 107°. This observation indicates that
the elemental Al/Mg fractionation of bulk CAls
occurred very early at the formation of their precursors,
and not at the time of later reheating events.

CAls from CR and CO Chondrites and Acfer 094

CAlIs in CR and CO chondrites, and Acfer 094
(ungrouped carbonaceous chondrite) are less abundant
and smaller than those in CVs, but mineralogically,
more pristine in the sense that they have undergone less
secondary alteration and reprocessing. Previous
26A1-*Mg studies of CAIs from these chondrites
generally showed results consistent with the canonical
ZSA1/*’Al ratio (e.g., Russell et al. 1998; Sugiura and
Krot 2007). Here, we summarize the most recent, high-
precision, recent internal isochron studies of CAls from
CRs, CO3s, and Acfer 094.

Makide et al. (2009) reported internal isochrons for
seven CAIs from CRs and found (*°Al/*’Al), in the
range (4.4-5.4) x 107>, consistent with the results for
most CV CAls. Ushikubo et al. (2011) reported
preliminary SIMS internal isochron data for six CAls
from Y-81020 (CO3) and Acfer 094. These CAls
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include FTAs, melilite-rich, and anorthite-rich varieties,
and show a range of (*°Al/*’Al), values (4-5) x 107°
again similar to those in CV CAls, indicating that they
formed within the first 0.2 Ma after primary Al/Mg
fractionation. One anorthite-rich CAI from Acfer 094
has an exceptionally low (*°’Al/*’Al), value of
(5.4 £0.5) x 10°°, which is similar to those of
chondrules in the same meteorite (Ushikubo et al.
2013). This may represent reprocessing in the solar
nebula gas much later than the original formation of
the precursor CAI, analogous to the type C CAI
(Vigarano 3138-F4) described above. An alternative
model requires formation of the CAI prior to injection
and homogenization of *°Al in the protoplanetary disk,
but the anorthite-rich character of such CAls (less
refractory than anorthite-poor varieties) argues against
such a model.

CAIs and Refractory Grains Depleted in 2°Al

Numerous CAls and refractory grains have been
analyzed that show little or no evidence for former 2°Al
being present. Some of these can be attributed to later
reprocessing that reset the isotopic system (e.g.,
MacPherson et al. 1995). However, late-stage formation
of some of the *°Al-poor CAls is unlikely, because they
also contain endemic stable isotope anomalies in a
variety of elements (Ca, Ti, Ba, others) that are of
nucleosynthetic origin (Sahijpal and Goswami 1998).
The latter include FUN (fractionation and unidentified
nuclear effects) CAIls (Wasserburg et al. 1977), and
platy hibonite crystals (PLACs; e.g., Ireland 1988). The
reason why FUN CAIs and related objects are so
deficient in *°Al remains unexplained.

Recently, a third group of *°Al-deficient objects has
been identified. It includes some of the micron-sized
corundum grains; corundum-bearing, grossite-rich, and
hibonite-rich CAls; and most CAIs from CH
carbonaceous chondrites (Weber et al. 1995; Sugiura
and Krot 2007; Krot et al. 2008, 2012; Liu et al. 2009,
2012; Makide et al. 2009, 2011; Hsu et al. 2011). These
refractory objects show '°O-rich isotope signature and
the 'B excesses from the decay of '"Be at the level
similar to CAIs with the canonical 2°Al/*’Al ratio,
indicating that *°Al-poor and *°Al-rich CAls formed in
similar environments. Furthermore, according to the
low (8**Mg*), intercepts of the *°Al-**Mg isochrons, the
2Mg deficits have been reported in some *°Al-poor
CAls (Liu et al. 2009; Makide et al. 2009) and one type
B CAI with the canonical *°Al/?’Al ratio (Wasserburg
et al. 2012). These observations indicate that stable
isotope and “°Al heterogeneities existed among CAIs.
Considering that most CAls show a narrow range of
(*A1/2"Al), close to the canonical value, *°Al-depleted

N. T. Kita et al.

CAIs may have formed earlier than other CAls, prior
to injection and homogenization of 2°Al in the early
solar system (e.g., Sahijpal and Goswami 1998; Boss
et al. 2008; Gritschneder et al. 2012; see more
discussion in Krot et al. 2012), or represent minor
groups of CAIls that formed in localized heterogeneous
isotope reservoirs.

VARIATIONS IN INITIAL *°AL/*’ AL RATIOS
AMONG CHONDRULES

The initial 2°Al1/2’Al ratios inferred from internal
isochrons of chondrules in the least metamorphosed
chondrites (type 3.0) mostly are in the range of (0.5—
1) x 107>, which corresponds to 2-3 Ma after
formation of CAIs with canonical (*°Al/*’Al), (e.g.,
Kita et al. 2000; Kunihiro et al. 2004; Kurahashi et al.
2008a; Villeneuve et al. 2009; Ushikubo et al. 2013). An
exception is chondrules from CR chondrites. Only a few
CR chondrules show resolvable *°Mg excesses
(8*°Mg* > 0) with inferred (**Al/?”Al), that are similar
to those in chondrules from other chondrite groups.
Most other CR chondrules show no resolvable excess
Mg (8*°Mg* < 0), with an upper limit on the
(*°Al/*’Al), values of <3 x 107° (Nagashima et al.
2007, 2008; Kurahashi et al. 2008b; Hutcheon et al.
2009). These data are summarized in Fig. 6.

In the recent review of Al-Mg data from chondrules
in type 3.0 chondrites, Kita and Ushikubo (2012) showed
that chondrules from a single chondrite group typically
have a narrow range of (*°’Al/*’Al),. For example, type I
chondrules in Y-81020 and Acfer 094 and those of type 11
chondrules in Semarkona (LL3.0) show the average
(*°A1/27Al), values of (7.0 &+ 1.6) x 107¢ (1SD, n = 14;
Kurahashi et al. 2008a), (5.7 & 1.6) x 10°° (1SD, n = 9;
Ushikubo et al. 2013), and (7.0 + 1.8) x 107° (1SD,
n=4; Kita et al. 2000), respectively. Although the
(*°A1/?"Al), values in a single meteorite are variable and
correspond to the time difference of as long as
approximately 1 Ma, most chondrules in LL3s, CO3s,
and Acfer 094 formed within a narrow time scale, much
shorter than a million years. These restricted ages for
chondrules in each chondrite suggest that radial transport
of chondrules must have been limited (Cuzzi et al. 2010)
such that they may also preserve the group-specific
chemical and isotopic characters among chondrules in a
single chondrite group (Scott and Krot 2005).

TIME SCALE OF PROTOPLANETARY DISK
EVOLUTION

The *°Al-**Mg systems of CAls and chondrules
potentially can test models for the evolution of
protoplanetary disk in our solar system. The differences
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Fig. 6. Compilation of the initial 2°Al/>’Al ratios inferred from internal isochron regressions of *°Al->Mg data for chondrules
from primitive chondrites (after Kita and Ushikubo [2012]; reference therein). Error bars shown are 2 SE from isochron
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et al. (2000), Kurahashi et al. (2008a), and Ushikubo et al. (2013) that used 3-5 um small SIMS spots with long counting time
(typically 3-8 h per spot). Data from other literatures are shown as smaller filled symbols.

in initial 2°Al/*’Al values among diverse kinds of
objects, relative to the bulk CAI initial value
(*°A127Al) = (5.25 + 0.02) x 107>, are (with the usual
assumptions) a clock of early solar system events
relative to time zero (formation of the first solids).
These events can in turn be compared with the lifetime
of individual evolutional stages of young stellar objects
(YSOs). We note, however, “time zero” from the 2°Al
chronology may not be the exact time of the birth of
the solar system when the protosolar molecular cloud
started to collapse. As indicated from 2®Al-depleted
refractory inclusions and minerals, the initial molecular
cloud of our solar system would be either heterogencous
or depleted in 2°Al. Thus, solid precursors of CV CAls
might not form at the beginning of collapse stage from
the cloud with homogeneously distributed 2°Al. The
relative time scales inferred from YSOs and the 2°Al
chronology of CAIs would be biased, depending on the
timing when bulk Al-Mg isochron of CV CAIs was
established.

According to the spectral energy distribution (SED),
YSOs are classified into five stages (classes 0/I/Flat/II/
IIT) that reflect condition of infalling clouds and
circumstellar disks (Table 1). Classes 0 and 1 are
embedded protostars, in which central stars actively
form by collapse of a parental molecular cloud core.
Gas and dust in the cloud (or envelope) accrete to a
circumstellar disk due to rotation of the cloud, and the
star accretes mass from the disk. Class Il YSOs
correspond to classical T Tauri stars (CTTS), which are
surrounded by an accretion disk consisting of dust and

gas. YSOs with flat infrared spectrums are transitional
between classes I and II, and accretion from the
envelope onto the protostar may still be occurring.
Class IIT YSOs correspond to weak-lined T Tauri stars
(WTTS) without a dusty disk, probably due to
planetary growth. Evans et al. (2009) estimated the
lifetimes of individual classes of YSOs, based on Spitzer
surveys in multiple large molecular clouds, as shown in
Table 1. They assumed the lifetime of class II YSOs to
be 2 + 1 Ma, and then estimated those of other classes
based on the relative populations. This resulted in
lifetimes of 0.1, 0.44, and 0.35 Ma, for classes 0, I, and
Flat SED, respectively.

It is generally thought that CAIs formed in the
earliest stages of disk evolution (class 0 and I) of our
own solar system, when temperatures of the inner disk
increased above >1500 K due to a high accretion rate
of the disk (>107° Mg yr'; Boss 1998). Prior to the
work of Evans et al. (2009), estimates of the lifetimes
of class 0 and I stages were orders of 0.01 and
0.1 Ma, respectively (Greene et al. 1994; Feigelson and
Montmerle 1999). This seemed consistent with the
narrow range of (*°’Al/*’Al), among normal CAls.
However, using the new estimates by Evans et al.
(2009), the combined lifetime of classes 0 and I YSOs
(approximately 0.5 Ma) and transition period from
class I to Il (Flat SED approximately 0.4 Ma) are
much longer than relative time difference among
normal CAIs (<0.2 Ma). One explanation for the
discrepancy may relate to outward transport processes
in the inner solar system. Ciesla (2010) argued that
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Table 1. Evolution of young stellar objects (after Williams and Cieza 2011).

Class 0 I Flat 11 111

Physical properties® Mc > Mg > Mp Mg > Mc ~ Mp Mp ~ 0.01 Mg Mp « 0.01 Mg
Lifetime® (Ma) 0.10 0.44 0.35 241

Age® (Ma) 0.1 0.5 0.9 3 <10

#Comparison of masses of central star (Ms), molecular cloud core (M), and circumstellar disk (Mp).
®Median lifetime of Evans et al. (2009) that assumes class II lifetime of 2 & 1 Ma.

“Cumulative ages using lifetime of individual classes.

formation of refractory solids could have continued for
as long as approximately 1 Ma in the inner regions of
the disk, but the CAls that are preserved in meteorites
are those that formed during the first 0.1 Ma, after the
end of infall when outward radial transport was most
efficient. Yang and Ciesla (2012) further examined the
transport of refractory solids in the protoplanetary
disk during and after the infall of molecular cloud, in
which they assumed that the infall period lasted
0.3 Ma. They suggested that CAls surviving in
asteroidal regions of a 2 Ma-old disk would be
dominated by the population around the time that
infall stopped. Both models seem to be consistent with
the narrow range of relative ages (<0.2 Ma) observed
among CAls, while the infall stages of the young Sun
would have been longer (>0.5 Ma).

Eisner et al. (2005) found that the accretion rates of
the inner disk of class I YSOs are significantly lower than
infall rates of cloud. It implies that the disk masses are
high and gravitationally unstable, which would result in
enhanced episodic accretion, such as FU Orionis
outbursts (e.g., Hartmann and Kenyon 1996). Boss et al.
(2012) performed the numerical calculations of the
evolution of a marginally gravitationally unstable disk to
simulate the FU Orionis phenomenon. They suggested
that most CAls formed at the end of the FU Orionis
outburst phases and mainly represent only a last few
bursts. The model also explains the narrow range of
(*°Al/*’Al), among normal CAIs, because refractory
solids, possibly with lower (*°Al/*’Al),, that formed
during earlier bursts may have not survived during the
later bursts. Primary formation of CV CAls might have
occurred during such a single FU Orionis event and
subsequent reheating events occurred mainly within
0.2 Ma when the °Al-**Mg systems in CAIs were
internally reset. It is possible that these large CAls were
concentrated in a specific area of the disk due to radial
transport (e.g., Ciesla 2010), where the CV chondrite
parent body formed.

Outward radial transport in class I YSOs would
have been greater in the earliest period than later time
(e.g., Yang and Ciesla 2012), which may transfer earliest
formed fine-grained refractory objects to outer disk
including comet-forming regions. This mechanism may

explain the existence of 2°Al-depleted CAIs with large
nucleosynthetic isotope anomalies if the molecular cloud
accreted to the solar system was initially heterogeneous
in isotope ratios and depleted in *°Al (see Krot et al.
2012). These anomalous CAIs would have been
transported to the outer solar system quickly and
escaped from later major heating events that produced
majority of normal CAls.

Chondrule formation appears to have occurred in
the cold (7 < 650 K), dust-rich regions of the disk,
possibly near its mid-plane of class II disk. In class II
YSOs, accretion rate of the disk would be reduced to
approximately 107® Mg yr ', so that temperature
exceeded >1300 K only at the inner edge of the disk.
The lifetime of class II YSOs is generally considered
approximately 2 Ma, which seems to be compatible to
the Al-Mg ages of chondrules relative to the time of
CAI formation.

UNRESOLVED PROBLEMS
Initial 2°Mg/?*Mg of the Bulk CAI Isochron

On a “°Al-**Mg isochron diagram for an individual
CAlI, the intercept of the isochron with the vertical
axis gives the value of initial **Mg/**Mg in the CAI at
the time of formation. The intercept will evolve
(increase) for individual CAIls that experience remelting
or other secondary resetting, and higher values will
reflect more recent crystallization ages (e.g.,
MacPherson et al. 2012). On an isochron diagram
defined by a suite of bulk CAls formed at
approximately the same time, the intercept of the
whole-CAI isochron with the vertical axis gives the
value of initial **Mg/>**Mg in the reservoir at the time
of CAI formation. This initial bulk solar system
26Mg/**Mg ratio also evolved with time from its initial
value as 2°Al decayed, until the 2°Al was effectively
gone after several million years (e.g., Villeneuve et al.
2009). The initial **Mg/**Mg ratio expressed as
(8*°Mg*), of the solar system is expected to be
approximately —0.038%, lower than the value today,
assuming homogeneous initial magnesium isotope
ratios, homogeneous initial aluminum isotope ratios



Al-Mg isotope systematics of the first solids

120 4 Bulk CAI-AQA isochron
(Larsen et al. 2011)
100 4 §
o
80 &
=
60 a‘:"
- ¢
2 &
& 40
=2
20 - 22.2 + 1.4 (2sd)
4 45+ 1.0 (28d)
26Mg, =-15.9 + 1.4 (2
o : H Mgy . (2sd)
0.0 0.1 0.2 0.3 0.4

2?R|J'24Mg

Fig. 7. Intercept of bulk CAI-AOA AIl-Mg isochron (Larsen
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AOAs, filled triangles—forsterite-rich accretionary rims of
CAIs, gray square—bulk CI chondrites.

(*°A1’Al = 5.25 x 107°), and a bulk solar system
ratio of 2’Al/**Mg = 0.101 as defined by CI chondrites
(Palme and Jones 2003). If CV CAls formed from an
isotope reservoir identical to the average solar system,
the isochron intercept for these CAIs should also
be —0.038%,. B. Jacobsen et al. (2008) obtained a bulk
CAI isochron and determined the intercept to be
(8*°Mg*), = —0.040 + 0.029%,, which is consistent with
the predicted value. However, the uncertainty of the
intercept is relatively large because bulk CAls show
2TA1/**Mg ratios larger than 2, requiring a significant
extrapolation to the y-axis. Larsen et al. (2011)
determined a more precise intercept for a bulk CAI
isochron, (8*°Mg*), = —0.016 £ 0.002%,, by including
bulk AOA data with low *’Al/**Mg ratios (0.1-0.4) for
the regression (Fig. 7). This intercept is significantly
higher than the predicted solar system initial
(5°°Mg*),, but it is largely constrained by the AOA
data. Unfortunately, the use of bulk AOA data
together with bulk CAI data to construct an isochron
is justified only if the Al/Mg ratios of bulk CAls and
bulk AOAs were fractionated at the same time from
the same isotope reservoir, and their bulk 2°Al-**Mg
system subsequently remained closed. Wasserburg et al.
(2012) showed that these AOA data of Larsen et al.
(2011) in fact plot above the bulk CAI isochron,
indicating that the AOAs must postdate the bulk
CAIs. Wasserburg et al. (2012) further showed that
regression of only the CAI data (i.e., without the
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AOAs) yields (8*°Mg), = —0.030 + 0.040%,, entirely
consistent with the value (8°°Mg¥), = —0.040 +
0.0299%, determined by B. Jacobsen et al. (2008). The
question thus arises whether AOAs should legitimately
be considered together with CAls in determining
(3°'Mg),.

Because AOAs contain refractory minerals such as
spinel and aluminous diopside, and also possess '°O-
rich signatures similar to those of CAls, it is generally
considered that AOAs formed by condensation from a
solar nebula gas, but at somewhat lower temperature
than did CAI precursors s (e.g., Krot et al. 2004). An
internal isochron for one AOA, Vigarano 3138-F5, does
yield a marginally lower (*°Al/>’Al), than that of bulk
CAIs (MacPherson et al. 2012), but it is risky to
conclude from this one object that AOAs in general
formed later than did CAls, especially as it is now clear
that many CAls experienced remelting over a period of
at least 0.2 Ma after initial CAI formation (MacPherson
et al. 2012). Indeed, textures such as 120° triple grain
junctions in some AOAs themselves indicate
reprocessing (annealing, and possibly even incipient
melting) subsequent to their initial formation (Komatsu
et al. 2001). Nevertheless, we agree with Wasserburg
et al. (2012) that caution should be taken in using low
Al/Mg AOAs together with other bulk CAls to define
solar system initial *°Mg/>**Mg ratio, because the
resulting elevated initial **Mg/**Mg ratio is highly
dependent on the AOAs whose temporal relation with
CALls is so uncertain.

Degree of Heterogeneity of 2°Al in the Protoplanetary
Disk

Even taking into account the existence of CAls that
clearly had little or no Al at the time of their initial
formation, the balance of evidence indicates that at a
very early time, the protoplanetary disk became
sufficiently homogenized such that the extent of local
heterogeneity in 2°Al/>’Al was on the order of +£10% at
most. The relative Al-Mg ages obtained from various
meteoritic samples, which include CAls, chondrules,
and various achondrites, are broadly consistent with
those obtained from Pb-Pb, **Mn->Cr, and '*?Hf-'®?W
systems (e.g., Nyquist et al. 2009; Amelin et al. 2010;
Bouvier and Wadhwa 2010; Bouvier et al. 2011a,
2011b). In Fig. 8, relative ages of CAls and various
igneous meteorites obtained from multiple chronometers
are compared, by using quenched angrites as an age
anchor (D’Orbigny and Sahara 99555, with Al-Mg ages
of 47+ 0.2 and 4.7 £ 0.4 Ma later than the time
defined by the bulk CAI isochron, respectively; Spivak-
Birndorf et al. 2009). As shown in Fig. 8a, relative
Al-Mg and Mn-Cr ages of three achondrites from
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99555) by applying  (*°Al"Al), = (5.06 + 0.92) x 107’
(D’Orbigny; Spivak-Birndorf et al. 2009), (**Mn/>*Mn), =
(3.24 + 0.04) x 107% (D’Orbigny; Glavin et al. 2004), and
("82Hf/"8OHf), = (6.99 £ 0.11) x 107> (D’Orbigny and Sahara
99555; Kleine et al. 2012). The Pb-Pb ages are shown relative
to D’Orbigny (Amelin 2008), which is corrected for the
measured uranium isotope ratios by Brennecka and Wadhwa
(2012). Other data are from Burkhardt et al. (2008), Wadhwa
et al. (2009a), Amelin et al. (2010), Goodrich et al. (2010),
Bouvier et al. (2011a, 2011b), Kleine et al. (2012), and
Connelly et al. (2012). The internal Al-Mg ages of CAls that
were measured for Hf-W and Pb-Pb systems are not available,
so that they are assumed to be 0.1 Ma with dashed lines
extending to approximately 1 Ma on Al-Mg ages.

distinct asteroidal sources show excellent agreements,
indicating the homogeneous distribution of 2°Al in the
asteroidal-forming regions. We note that >*Mn->*Cr

system is not applied to CAls because of
nucleosynthetic Cr isotope anomaly (e.g., Nyquist et al.
2009). The Hf-W age difference between CAI

(Burkhardt et al. 2008) and the quenched angrites
(Kleine et al. 2012) is 4.2 + 0.6 Ma, which is in
agreement with the Al-Mg age of the quenched angrites
(Fig. 8b). In Fig. 8c, we compare available Pb-Pb ages
of CAIls (Amelin et al. 2010; Bouvier et al. 2011b;
Connelly et al. 2012) and achondrites (Amelin 2008;
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Bouvier et al. 2011a; Brennecka and Wadhwa 2012).
Since the variability in wuranium isotope ratios
(**®*U/*°U) among CAIs and meteorite samples has
been revealed (e.g., Amelin et al. 2010; Brennecka et al.
2010), high-precision uranium isotope measurements of
the individual meteorite samples are required to
estimate the accurate Pb-Pb ages (Amelin et al. 2010).
Therefore, Pb-Pb age data shown in Fig. 8c are limited
to those corrected for the uranium isotope ratios. The
relative Pb-Pb ages between several CAls (Amelin et al.
2010; Connelly et al. 2012) and D’Orbigny (Amelin
2008; Brennecka and Wadhwa 2012) are approximately
3.8 Ma, which is approximately 1 Ma shorter than the
Al-Mg age of the quenched angrites. However, Pb-Pb
ages of another CAI (B4) and NWA 2976 (ungrouped
achondrite) show an age difference consistent with the
Al-Mg age of NWA 2976 (Bouvier et al. 2011a, 2011b).
We note that the internal Al-Mg isochrons of any of
these CAIs are not currently available, which could
be used as a test for potential secondary isotope
disturbances in the CAls (e.g., Wadhwa et al. 2009b). In
summary, estimates of the age differences between CAIs
and other meteorite samples using the Al-Mg and other
isotopic chronometers differ by approximately 1 Ma or
less. This translates into potential variations in the
26A1/2Al ratio of a factor of approximately 2.

Two recent studies address the potential
heterogeneity in “°Al/>’Al and stable magnesium isotopes
from the perspective of bulk chondrite analyses, and
compare those with the bulk CAI isochron. Schiller et al.
(2010) obtained magnesium isotopic data for 18 bulk
chondrites that include nearly all groups of chondrites.
As shown on a *°A1-**Mg isochron diagram in Fig. 9a,
the data define a line that goes through the bulk CV CAI
data of B. Jacobsen et al. (2008). From this, the authors
concluded that heterogeneities of *°Al/*’Al and §**Mg*
in the protoplanetary disk were less than 30% and
0.0059%,, respectively. Larsen et al. (2011) obtained data
for nine bulk chondrites (including CI, ordinary,
enstatite, and R varieties) and several achondrites with
very high precisions. Their bulk chondrite data are
entirely consistent with the bulk chondrite data obtained
by Schiller et al. (2010) (Fig. 9a). However, instead of a
straightforward interpretation of the data that argues in
favor of homogeneous distribution of *°Al in the bulk
solar system materials, Larsen et al. (2011) suggested
two alternative possibilities: (1) a significantly large
heterogeneity in *°Al (maximum depletion by 80%, or
factor of five) or (2) magnesium isotope heterogeneity in
the protoplanetary disk where meteorite parent asteroids
formed. Here, we examine the claim made by Larsen
et al. (2011) in detail.

The model estimating the initial **Al/?’Al ratios of
individual chondrite-forming regions that was applied by
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Fig. 9. The *°Al-**Mg system of bulk chondrites. a) Bulk
chondrite data from Schiller et al. (2010) and Larsen et al.
(2011). Bulk CAI-AOA isochron is from Larsen et al. (2011)
with intercept at —15.9 + 1.4 ppm and the (*°Al*7Al), =
(5.25 4+ 0.02) x 107>, Bulk CAl-chondrite isochron is from
Schiller et al. (2010) with intercept at —34.0 + 1.6 ppm and the
(°A177Al)g = (5.21 £ 0.06) x 107>, which combined bulk CAI
data of B. Jacobsen et al. (2008). b) Model bulk isochron for
chondrite reservoirs by Larsen et al. (2011). Points O, A, and B
are the intercept of bulk CAI-AOA isochron, bulk CI chondrite
data, and bulk ordinary chondrite (OC) data that is horizontally
shifted to the CI chondrite (*’Al/**Mg) ratio, respectively. The
model (*°Al/>’Al), of CI and OC reservoirs are estimated from
the slopes of lines O-A and O-B, respectively. Although bulk
OC data plot on the same isochron with CAls and CI
chondrites, the model (*®Al/2’Al), of OC reservoir is estimated
three times lower than that of bulk CAls. See text for a detailed
discussion.

Larsen et al. (2011) is illustrated in Fig. 9b. They
assumed the initial 3*°Mg* of the solar system to
be —0.0159 + 0.00149,, according to the bulk CAI-AOA
isochron (point “O”) and the measured 5*°Mg* values of
bulk chondrites are the result of additional Mg from
26A1 decay under the solar (*’Al/**Mg) ratio (i.e., 0.101
for CI chondrites). For the CI chondrite-forming region,
(*°A127Al), of (2.8 & 0.3) x 1077 is estimated from the
slopes of the line O-A, where point “A” represents
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the average value for the bulk CI chondrite data. For the
ordinary chondrite-forming region, the initial °Al/*’Al
ratio of (1.6 & 0.3) x 1077 is estimated from the slopes
of the line O-B, where the point “B” represents a point
shifted to the right of bulk OC chondrite data to
(*’Al**Mg) ratio of 0.101. Larsen et al. (2011) applied
the same model to enstatite chondrites, angrites, and
ureilites with the estimated *°Al/’Al ratios down to
(1.1 £ 0.3) x 107> As illustrated in Fig. 9b, the Larsen
et al. (2011) argument for °Al/*’Al heterogeneity is
based on the assumption that the entire solar system’s
2Mg/**Mg isotopic composition is homogenous to the
level of +0.0014%, (or 1.4 ppm), which is not justified,
given the documented Mg isotopic heterogeneity and the
potential pitfalls (discussed above) of using AOAs to help
constrain the solar system initial (3°°Mg*), (e.g.,
Wasserburg et al. 2012).

Another major problem of the model by Larsen et al.
(2011) is that they dismissed the importance of elemental
fractionation that could have occurred before the
complete decay of 2°Al in the solar nebula as well as in
the differentiated parent bodies. Most chondritic
meteorites show variable enrichments and depletion of
refractory elements relative to Mg compared with those
of CI chondrites at the level of 10-40% (e.g., Scott and
Krot 2003). Igneous differentiation of asteroidal bodies
involve formation of basaltic magma and mafic partial-
melting residues, which are significantly enriched and
depleted in Al,O5 relative to MgO. In contrast, the model
applied by Larsen et al. (2011) assumes that meteorite
samples did not experience any Al/Mg fractionation
within the first 5 Ma of the solar system formation, which
is incorrect. For example, bulk ordinary chondrites show
slightly lower *’Al/**Mg ratios (approximately 0.08;
Larsen et al. 2011) compared with CI chondrites
(approximately 0.10), which are also seen among bulk
chondrules (e.g., Kita et al. 2010; Fig. 2). If Al depletion
occurred very early (<1 Ma) in the ordinary chondrite-
forming regions, the bulk &°°Mg* values of ordinary
chondrites would be slightly lower than CI chondrites as
seen in data from Larsen et al. (2011). In the case of bulk
ureilite data in Larsen et al. (2011), the lowest §*°Mg*
value of approximately —0.008%, was obtained among all
the bulk meteorite data (Fig. 10). The bulk ureilites
showed the low *’Al/**Mg ratios of <0.01 (10 times lower
than that of CI chondrites) because of extensive igneous
differentiation and extraction of melt (e.g., Wilson et al.
2008). The low 8**Mg* value of bulk ureilites would
likely be the result of early removal of aluminum-rich
melt before complete decay of °Al. A single-stage
evolution of bulk ureilites from CI chondritic precursors
is illustrated in Fig. 10, providing the inferred
(°Al1/2Al), of approximately 2 x 107> at the time of
igneous differentiation of the ureilite parent body. Baker
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Larsen et al. (2011). Point C is the bulk ureilite data that is
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ureilite data and point A) may indicate that the igneous
fractionation of the parent body occurred with 2°Al/*’Al
approximately 2 x 107, corresponding to approximately 1 Ma
after the time of bulk CAI isochron.

et al. (2012) reported similar deficits in 8*°Mg* values
from pallasites and ureilites, from which they suggested
differentiation of their parent bodies within 1-2 Ma after
CALI formation. Thus, less radiogenic magnesium isotope
in differentiated meteorites might simply reflect
differentiation of the parent asteroid that occurred before
the complete decay of *°Al, but may not be related to the
heterogeneity of *°Al in their precursor regions.

Larsen et al. (2011) compared >*Cr anomaly (£**Cr)
and 8*°Mg* of bulk meteorites and suggested that the
apparent 2°Al heterogeneity correlates with stable
isotope anomalies of other elements observed among
different groups of meteorites (Trinquier et al. 2007).
However, Schiller et al. (2010) observed no correlation
between &*Cr and §*°Mg* from 11 different groups of
bulk meteorites, so that the suggestion made by Larsen
et al. (2011) is not supported when larger groups of
meteorite data are considered.

We argue that the data of Larsen et al. (2011) can
be interpreted in a simpler and more straightforward
manner. CAls and CI chondrites can be derived from
the same isotopic reservoir, with the initial (*°Al/*’Al)
and 3*°Mg* isotope ratios given by a regression of the
bulk CAI plus CI chondrite data from Larsen et al.
(2011) as plotted on an Al-Mg isochron diagram. The
result of such a regression gives (“°Al/*’Al), =
(533 £0.02) x 107> and  (8°°Mg*), = —0.0335 +
0.0012%, (MSWD = 0.65), which are close to the bulk
chondrite-bulk CAI isochron calculated by Schiller
et al. (2010). Some scattering of bulk chondrite data
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from the CI chondrite-bulk CAI isochron may be a
result of chemical fractionation processes such as
condensation, evaporation, and chondrule formation,
and which probably occurred during a few million years
in the protoplanetary disk before *°Al had completely
decayed. Ultra high-precision magnesium isotope
analyses of bulk meteorites demonstrated by Larsen
et al. (2011) are certainly very useful to understand
large-scale °Al-**Mg systematics in the protoplanetary
disk. However, the initial 2°Al abundance of source
regions of individual meteorite parent bodies remains
uncertain until the timing and degree of Al/Mg
fractionations for components in meteorites are
precisely known. As shown in Figs.9 and 10
collectively, the data seem to strengthen rather than
weaken the idea of large-scale “°Al homogeneity of in
the protoplanetary disk.

SUMMARY

Bulk CV CAIs yield well-defined *°A1-**Mg whole-
rock isochrons with an initial °A/*’Al ratio of
approximately 5.25 x 107°. Internal *°Al->*Mg isochrons
of CV CAls show systematic differences that correlate
with their texturally inferred histories, specifically that
unmelted CAIs are the oldest and melted CAls
experienced reprocessing over an extended time of up to
0.2 Ma. This time scale from CV CAls is similar to that
indicated from the internal isochron studies of non-CV
CAIs. At least some of the CAls that are *°Al depleted
may have formed during earlier events, possibly prior to
the injection and homogenization of *°Al in the early
solar system. Bulk chondrite magnesium-isotope data are
consistent with homogeneous initial °Al abundance in
the protoplanetary disk, in contrast to the recent claim by
Larsen et al. (2011).

Future studies need to address the temporal and
genetic relationship between CAls and AOAs, specifically
whether they originally formed at the same time from
common Al and Mg isotope reservoirs. Additional
“ultra-high precision” bulk CAI analyses with a wider
range of Al/Mg ratios will help us to evaluate the bulk
CALI isochron more precisely without use of AOA data.
Coordinated studies of bulk and internal *°Al-**Mg
system, U-Pb ages, and stable isotope anomalies on the
same CAls will address the magnitude of 2°Al
heterogeneity in the earliest solar system.

Recent observations and models of protostar
evolutions indicate that inner regions of circumstellar
disks might experience several episodic heating events
that occurred within the first approximately 0.5 Ma.
Detailed isotope records preserved in CAls would be a
key to explore duration of such episodic events,
particularly to clarify if most CAls with narrow ranges
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of (*°A/*’Al), formed during one or a few of latest
events prior to the end of core collapse stage.
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(Galy et al. 2003) and are presumably similar to those
of absolute measurements of Catanzaro et al. (1966)
with the values *Mg/**Mg = 0.12663 + 0.00013 and
Mg/**Mg = 0.13932 + 0.00026.

Here, we consider a group of objects that formed in
the early solar system with common magnesium isotope
ratios and they experienced processes that involved
mass-dependent fractionation at the variable degrees.
The 8% Mg and 8*°Mg values of individual objects are
described by power function with an exponent § as a
mass-dependent term.

526Mg
1 =1
[ + 1000] [ +

where (8*°Mg*), is the mass-independent fractionation
of the common isotope reservoir relative to DSM3. If
these objects contained Z°Al with initial ratios of
(*°Al/*’Al), at their formation, addition of radiogenic
2Mg* increases 8°*Mg after the complete decay of *°Al
as follows.
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(26Mg/ 24Mg) DSM3
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In the case that the (5°°Mg*), is very close to 0 (e.g.,
<+0.1%,) and the range of §*°Mg value is within those
observed among non-FUN CAIs (-29%, to +10%,),
Equation A4 is approximated by

1000 1000 1000
(26A1/27A1)0 x (Al/*Mg)

26 24
(TMg/ Mg)DSM3

1/8
{1 +526Mg:| _ [1 +525Mg} / (526Mg*)0

(A5)

Equation A5 is modified to the formula using 3*°Mg* to
represent the *°Al-**Mg isochron diagram, in which the
slope of isochron is a function of initial (*°Al/>’Al),.

(2A1/27Al), x 1000

(*Mg/*Mg)psms
% (27141/241\/[g)7

526Mg* — (526Mg*)0 +
(A6)

where 3**Mg* is defined as

5*Mg Mg\’
1 — (1 1
( * 1000) ( * 1000) x 1000

(AT)

526Mg* _

There are two different values of B in Equation A7 that
have been used to correct natural mass-dependent
isotope fractionation of magnesium in meteoritic
samples. One is B =0.511, which is called the
exponential law (Russell et al. 1978) that has become
the most commonly used for correcting for both
instrumental (thermal ionization, ICP-MS, and SIMS)
and natural mass fractionation effects to obtain high-
precision isotope ratios. It was first used for °Al->*Mg
chronology of bulk CAIs by Bizzarro et al. (2004).
Following this work, later bulk CAI isochron data
obtained by MC-ICP-MS solution measurements have
been reduced using the exponential law (e.g., B.
Jacobsen et al. 2008). Another is B = 0.514 according to
the evaporation experiments of CAl-like melt (Davis
et al. 2005), which has been used for several internal
isochron studies of igneous CAIs (e.g., Bouvier and
Wadhwa 2010; Kita et al. 2012).

The choice of B values would change individual
data points on the isochron diagram by more than
0.05%, (Fig. 1A), which is beyond the precision of
magnesium isotope measurements. The 8*°Mg* values
calculated using B approximately 0.514 would increase
for CAls with heavy isotope enrichments (typical for
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Fig. Al. Bias in excess 8°°Mg* resulting from two different
mass-dependent fractionation corrections. The excess 8**Mg*
values are calculated by using Equation Al with f = 0.514
(evaporation experiments) and = 0.511 (exponential law) as
a function of stable isotope mass fractionation (5°°Mg). The
figure shows the bias in excess 5°°Mg* for B = 0.514 relative
to the value calculated for B =0.511. The &°Mg values
reported for CAls are typically from —29, to +109,, which
may result in significant systematic errors (up to 0.1%,) for the
magnesium isotope analyses.

coarse-grained CAls) and decrease for CAls with light
isotope enrichments (typical for fine-grained CAls)
compared with those using B = 0.511. B. Jacobsen et al.

(2008) reported that the slope and the intercept
of the bulk CV CAI isochron change from
(C°AI/P7Al)g = (523 £ 0.13) x 107° and  (8*°Mg*), =
—0.040 £+ 0.029%, for PB=0511 to (*°Al*’Al), =

(5.19 £ 0.12) x 1077 and (8**Mg*), = —0.001 + 0.0319%,
for B = 0.514. These two regression lines agree within
the uncertainties. In the case of data from Larsen et al.
(2011) with more improved analytical precisions
(£0.0025%, in 8**Mg* values), five CAI data points are
exactly on the regression line within their analytical
uncertainties, while their 8**Mg* values range from
0.99%, to 1.24%, and 5*°Mg values range from —2.49%,
to +129,. By using = 0.514 for the mass fractionation
corrections, these data shift both above and below
the regression line determined with B = 0.511 and do
not plot on a single line within their analytical
uncertainties.

Improper assignment of [ would be a serious
problem for high-precision *°Al-**Mg data. We should
note that the B from melt evaporation experiment may
not be relevant to fine-grained CAIs that did not
experience melting. B. Jacobsen et al. (2008) and
Wasserburg et al. (2012) argue that CAI data corrected
with B = 0.511 show better linearity than those with
B = 0.514, according to MSWD (mean square weighted
deviations) of isochron regression, which is a measure
of ratio of observed scatter of points (from best fit line,
i.e., natural uncertainty) to the expected scatter (from
assigned error and error correlation, i.e., analytical
uncertainty). These statistical arguments would support
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Table Al. Internal isochron regressions of CV3 CAls with different B factors®.

B=0514 B=0.5l11

C°AIPTAD,  (37MgH) COAIPTA,  (37MgH)
Inclusions x 107° %, MSWD  x 107° %, MSWD Ref? B¢
Vigarano F8 FTA 5294+ 028  —0.07 + 0.11 1.9 5274026  —0.06 + 0.10 1.7 (11  0.514
Leoville 3536 FTA 527 + 0.17 0.02 + 0.06 1.3 525+ 0.17 0.05 + 0.06 1.3 2]  0.514
Vigarano F5  AOA 513 +£0.11  —0.020 + 0.015 1.0 4.94 £ 0.11 0.010 4 0.015 1.3 [1]  0.514
Vigarano F9 ~ CTA  5.17 4+ 0.31 0.0 £ 0.15 43 5224032  —0.11 £ 0.16 4.6 1]  0.514
Allende A44A B 513 +£0.21 0.035 + 0.068 4.4 5.06 + 0.15 0.010 + 0.052 1.8 3]  0.511
NWA 2364 B 5.03 + 0.26 0.02 + 0.06 1.2 502+ 036  —0.02 + 0.08 1.7 4]  0.514
Leoville 3535-1 B 5.002 + 0.065 0.06 + 0.08 54 5002 + 0.065 0.00 + 0.08 5.6 [5] 0.514
Allende AJEF B 501 £ 020 —0.011 + 0.046 0.9 496 +0.25  —0.018 =+ 0.061 0.6 3]  0.511
Vigarano F1 B 4.66 & 0.17 0.18 + 0.06 4.8 474 £ 0.17 0.10 =+ 0.06 4.8 [1]  0.514
Allende A43 B 4.39 + 0.40 0.145 + 0.077 1.2 447 +0.42 0.098 + 0.077 1.1 3]  0.511
Vigarano F6  CTA  4.24 £ 0.36 0.09 + 0.17 3.8 432 £ 0.35 0.02 + 0.16 3.6 (1]  0.514
Vigarano F4  C 28 +£08 0.52 + 0.12 8.1 2.7+ 0.8 0.50 + 0.12 8.1 [1]  0.514

rel A 4.78 + 0.31 0.24 + 0.24 12 476 + 0.29 021 +0.23 12

“For Allende type B CAI data, isochron regression parameters for two B values are from [3]. For other data, regression parameters were
reported by using B = 0.514 in the literature. Therefore, 3**Mg* values are recalculated for p = 0.511 from the reported §*Mg and §**Mg*
values and isochron regression parameters for § = 0.511 are obtained using ISOPLOT program (Ludwig 2003).

°[1] MacPherson et al. 2012; [2] MacPherson et al. 2010; [3] B. Jacobsen et al. 2008; [4] Bouvier and Wadhwa 2010; [5] Kita et al. 2012.

°B values used in the literature.

B =0.511 for CAIs, although there is no reason to
assume that data from natural CAIs should show
isochrons without a significant scatter.

For the internal isochron of individual CAls, which
generally show nearly constant 8*°Mg values, the slope
of the isochron is insensitive to B values, but intercept

(8*°Mg*), would be biased. In Table 1A, we compare
the results of internal isochron regression of CAls by
using P factors of 0.514 and 0.511. None of the
regression lines using two P values differ beyond the
uncertainty of the isochron fits. In most cases, nominal
values of (**Al/*’Al), agree within 2%.




