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Abstract

We investigated the 26Al–26Mg systematics of type I (FeO-poor) chondrules from one of the most primitive carbonaceous
chondrites, Acfer 094. The inferred initial 26Al/27Al ratios of chondrules from Acfer 094 ranged from (4.2 ± 2.0) � 10�6 to
(9.0 ± 1.5) � 10�6. These chondrules have distinct oxygen isotope ratios (D17O: �5&, �2&, and 0&), though no correlation
between inferred initial 26Al/27Al ratios and oxygen isotope ratios were observed. These results indicate the regional oxygen
isotope heterogeneity in the solar nebula over the duration of chondrule formation.

A few low-Ca pyroxene grains in chondrules have small but resolvable 26Mg excesses at the level of �0.1&, which may be
the result of a partial melting of chondrules by reheating events. If this is the case, the true inferred initial 26Al/27Al ratios of
these particular chondrule could be slightly lower (<10%) than estimates using Mg isotope ratios of coexisting plagioclase and
olivine.

Stable isotope ratios of Mg (25Mg/24Mg) of many olivine grains in chondrules are positively fractionated by �1& relative
to those in other phases within the same chondrules. This suggests that olivine preserved a positively fractionated Mg isotope
ratios of the chondrule-forming melt prior to significant condensation during the cooling stage of chondrule formation.
� 2013 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Chondrules are igneous silicate spherules that formed in
the solar nebula. As chondrules are abundant in various
types of primitive chondrites, melting of silicate particles
by temporal heating was a common phenomenon in the so-
lar nebula (Connolly and Love, 1998). The timing of chon-
drule formation has been estimated by using the U–Pb
absolute chronometer (Amelin et al., 2002, 2010; Connelly
et al., 2008) as well as using the decay of the short-lived
radionuclide 26Al (half life: 0.705 Ma, Norris et al., 1983)
as a relative chronometer. In most chondrules from type
3.0 to 3.1 chondrites, excesses of 26Mg due to the decay
of 26Al can be resolved and the inferred initial 26Al/27Al ra-
tios, (26Al/27Al)0, have been estimated to be �(0.5–
0016-7037/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.
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1.5) � 10�5 (Hutcheon and Hutchison, 1989; Russell
et al., 1996; Kita et al., 2000; Huss et al., 2001; Mostefaoui
et al., 2002; Yurimoto and Wasson, 2002; Kunihiro et al.,
2004; Rudraswami and Goswami, 2007; Kurahashi et al.,
2008a; Rudraswami et al., 2008; Hutcheon et al., 2009;
Villeneuve et al., 2009). Assuming homogeneous distribu-
tion of 26Al in the early Solar System, these initial 26Al/27Al
ratios correspond to the formation of chondrules 1–3 Ma
after Ca, Al-rich inclusions (hereafter CAIs) ((26Al/27Al)0 -
� 5.2 � 10�5; e.g. Jacobsen et al., 2008; MacPherson et al.,
2010, 2012; Larsen et al., 2011). However, 26Mg excesses
are limited or not resolved for most chondrules in CR chon-
drites (Nagashima et al., 2007, 2008; Kurahashi et al.,
2008b) as well as a chondrule-like object in the comet Wild
2 (Ogliore et al., 2012) with low inferred initial 26Al/27Al ra-
tios (<3 � 10�6), indicating their relatively younger forma-
tion ages (>3 Ma after CAIs).

Recently, a bimodal distribution of oxygen isotope ra-
tios in chondrules and their correlation with Mg# (Molar
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[MgO]/[MgO + FeO] % of constituent olivine and/or low-
Ca pyroxene) were recognized from the Acfer 094 un-
grouped carbonaceous chondrite (Ushikubo et al., 2012).
Many FeO-poor chondrules (Mg#P98) have D17O values
(=d17O–0.52 � d18O) of � �5&, while chondrules with
Mg#’s of 95-40 have higher D17O values of � �2&, with
a few exceptions having D17O values of �0 and �9&. A
similar correlation between oxygen isotope ratios and
Mg# has been recognized among chondrules from other
carbonaceous chondrites (Wasson et al., 2004; Connolly
and Huss, 2010; Nakashima et al., 2010; Rudraswami
et al., 2011; Tenner et al., 2012, 2013; Schrader et al.,
2013). As chondrules with higher D17O values are compara-
bly FeO-rich (low Mg#), this increase in the D17O values of
chondrules is closely related to an increase in the oxygen
fugacity of the chondrule forming environment, which
can be caused by either addition of an oxidizing agent
(e.g. H2O) or enhancement of dust enrichment (Fedkin
and Grossman, 2006; Connolly and Huss, 2010; Tenner
et al., 2012, 2013; Ushikubo et al., 2012; Schrader et al.,
2013). The oxygen isotope ratios and redox states of chon-
drule forming environments could change with time during
the evolution of the early solar nebula, which may be tested
by comparing the inferred initial 26Al/27Al ratios of chond-
rules with their D17O values.

In this study, we measured the 26Al–26Mg systematics of
type I chondrules (Mg#>90) containing anorthite from Ac-
fer 094, with previously characterized oxygen isotope ratios
(Ushikubo et al., 2012), to test the correlation between
forming ages of chondrules and their D17O values. The
Table 1
Petrologic types and elemental compositions of chondrules from Acfer 0

Sample name Type Texture Mg#a,b D1

Al-rich

G15 Al-rich Porphyritic 99.1 �4

RF-bearing type I

G56 RF-IAB Porphyritic 99.5 �5
G100 RF-IA Porphyritic 99.5 He
G113 RF-I Fragment 99.5 �6

Type I (Mg#P97)

G18 IAB Porphyritic 98.3 �5
G42 IAB Porphyritic 98.4 �5
G46 IAB Porphyritic 98.9 �4
G48 I Barred ol 99.4 �5
G68 IAB Porphyritic 98.0 He
G73 IAB Porphyritic 99.1 �6
G76 IAB Porphyritic 98.5 �5
G95 IAB Porphyritic 98.7 �4

Type I (906Mg#<97)

G45 IAB Porphyritic 95.2 �2
G52 IA Porphyritic 94.6 �2
G74 IAB Porphyritic 94.5 �1
G39 I Fragment 92.3 �0

a Data from Ushikubo et al. (2012). Errors are 95% confidence level.
b Average Mg# value of olivine and low-Ca pyroxene.
c + Indicates presence of relict olivine grain(s) identified based on thei
d + Indicates presence of Mg isotope data of plagioclase for the Al–M
e Typical An content (molar 100 � [CaO/(CaO + 0.5Na2O + 0.5K2O)]
f Unable to determine average D17O values because of abundant relict
chronological information for chondrules with distinct
D17O values provides a temporal constraint on the oxygen
isotope ratios of the chondrule-forming environment in
the solar nebula. The chondrules of interest have three dis-
tinct oxygen isotope components (D17O � �5&, �2&, and
0&) as well as two porphyritic chondrules with highly het-
erogeneous oxygen isotope ratios. Since Acfer 094 is one of
the least metamorphosed carbonaceous chondrites (type
3.00; Grossman and Brearley, 2005; Kimura et al., 2008)
and is free from hydrated minerals (Greshake, 1997),
chondrules from Acfer 094 are the best samples in which
to examine their primary 26Al–26Mg systematics, negating
issues due to isotopic disturbance during metamorphism
in their parent body (Huss et al., 2001).

2. SAMPLES

We selected 16 FeO-poor type I chondrules from the
polished thin section of Acfer 094 (USNM 7233-8), which
was provided by the Smithsonian National Museum of
Natural History (Table 1). They consist of one Al-rich
chondrule and one barred olivine chondrule, while the rest
are porphyritic in texture. Three porphyritic chondrules
contain refractory forsterite grains which are enriched in
elements such as Al and Ca (CaO > 0.5 wt%; Steele,
1986), hereby denoted as “RF-type I” chondrules. Among
the collective group of chondrules, ten (one Al-rich and
nine type I) have anorthitic plagioclase grains with sizes lar-
ger than 5 lm (Fig. 1 and Fig. S2 in electronic annex), and
were thus suitable for determination of their initial
94 (USNM 7233-8).

7Oa Relict olivinea,c Plagioclased Ane

.64 ± 0.42 + 96.4

.55 ± 0.37
terogeneousf +
.27 ± 0.27

.33 ± 0.65 + 95.0

.47 ± 0.47 95.9

.88 ± 0.29 + + 98.2

.28 ± 0.49
terogeneousf + + 98.3
.16 ± 0.24 + 94.0
.08 ± 0.78 + 91.4
.77 ± 0.26 + 99.3

.42 ± 0.36 + + 94.4

.19 ± 0.51 +

.93 ± 0.25 + + 99.1

.51 ± 0.37 + 95.2

r oxygen isotope compositions.
g systematics.
) of plagioclase.
olivines.
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Fig. 1. Backscattered electron (BSE) images of chondrules that were measured to determined initial 26Al/27Al ratios. (a) G15 Al-rich, (b) G18
type IAB, (c) G46 type IAB, (d) G68 type IAB with a highly heterogeneous oxygen isotope ratio, (e) G73 type IAB, (f) G76 type IAB, (g) G95
type IAB, (h) G45 type IAB, (i) G74 type IAB, (j) G39 type I fragment. Abbreviations are ol = olivine, lpx = low-Ca pyroxene, hpx = high-Ca
pyroxene, an = anorthite, gl = glass. The label of ol#1 in (d) indicates the 16O-rich olivine grain in which we performed the Mg isotope
analysis spot #1 (Fig. 3b, Table 2). Scale bars are 100 lm.
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26Al/27Al ratios by analysis of olivine, pyroxene and plagio-
clase to establish an internal isochron. For the remaining 6
chondrules (3 RF-type I and 3 type I, including one barred
olivine (BO) chondrule, Fig. 2), Mg isotope ratios were only
determined from olivine and pyroxene. Overall, type I
chondrules were specifically chosen for analysis because
they contain anorthitic plagioclase in their mesostasis,
whereas type II chondrules typically contain albitic plagio-
clase (e.g., Kurahashi et al., 2008a). This constraint was
placed upon the selection of chondrules because it has been
recently demonstrated that the Mg diffusion rate in albitic
plagioclase is significantly faster than anorthitic plagioclase
(e.g., Mg isotopic diffusion of oligoclase (An23) is more than
two orders of magnitude faster than in anorthite (An93),
Van Orman et al., 2012), and therefore 26Al–26Mg system-
atics of albite-bearing type II chondrules are susceptible to
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Fig. 2. BSE images of chondrules that were measured to quantify the Mg isotope ratios of ferromagnesian minerals. (a) G56 RF-type IAB, (b)
G100 RF-type IA, (c) G113 RF type I fragment, (d) G42 type IAB, (e) G48 type I barred olivine, (f) G52 type IA. Scale bars are 100 lm.
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disturbance that likely affect their isochron determinations.
Although type II chondrules were excluded, the oxygen iso-
topic compositions of the type I samples cover the range of
type II chondrules (D17O � �2& and 0&) in Acfer 094
(Table 1 and Figs. 3 and 4).

G15 (Fig. 1a) is an Al-rich chondrule, consisting of
anorthitic plagioclase, low-Ca pyroxene, high-Ca pyroxene,
and glass. The composition of pyroxene is Mg-rich (Mg# of
low-Ca pyroxene: 99.1). The D17O value of G15 is � �4.6&

(Fig. 4). G56 (Fig. 2a), G100 (Fig. 2b), and G113 (Fig. 2c)
are RF-type I chondrules (G113 is a chondrule fragment)
that contain refractory forsterite (Mg#�99.5, CaO � 0.5
to 0.7 wt%) with bright blue cathodoluminescence (Ush-
ikubo et al., 2012). Other phases in these RF-type I chond-
rules include low-Ca pyroxene, high-Ca pyroxene, and
glass. The D17O values of G56 and G113 are � �5.6&

and � �6.3& (Fig. 4), respectively. The oxygen isotope ra-
tios of G100 are heterogeneous but the range of the ob-
served oxygen isotope ratios are relatively narrow
(D17O = �6.7& to �2.4&; Ushikubo et al., 2012).

The remaining 12 type I chondrules can be divided into
three subgroups based on their Mg# and the D17O values.
Eight chondrules (G18, 42, 46, 48, 68, 73, 76, and 85) con-
sist mainly of highly magnesian (Mg# = 98.0 to 99.4) oliv-
ine and low-Ca pyroxene. They exhibit porphyritic textures
with plagioclase and/or glass in the mesostasis, except for
BO chondrule G48 (Fig. 2e) that consists of olivine, low-
Ca pyroxene, high-Ca pyroxene, and glass. Their D17O val-
ues, excluding G68, range from �6.2& to �4.8& (Fig. 4).
G68 (Fig 1d) is an irregular shaped type I chondrule and
has a highly heterogeneous oxygen isotopic composition
containing 16O-rich relict olivine grains (down to �23&

in D17O, �43& in d18O, Fig. 3b). Three chondrules (G45,
52, and 74, Figs. 1h,i, 2f, respectively) consist of olivine
and low-Ca pyroxene phenocrysts with Mg#�95 and their
D17O values range from �2.4& to �1.9& (Fig. 4). G39
(Fig. 1j) is an olivine fragment with small amounts of
high-Ca pyroxene and plagioclase. The oxygen isotope ra-
tio of a chondrule fragment G39 (Mg#�92) is 16O-poor
(� �0.5& in D17O, Fig. 4) relative to other chondrules
from Acfer 094. The Mg# of olivine cores in G39 is 92.3,
but they exhibit reverse zoning at the edge to Mg#�96.

3. ANALYTICAL PROCEDURES

3.1. Electron microscopy

For petrographic observation of chondrules, backscat-
tered electron (BSE), secondary electron (SE), and cathodo-
luminescence images were obtained by a Hitachi S-3400N
Scanning electron microscope (SEM) at University of Wis-
consin-Madison (UW-Madison). Major element composi-
tions in minerals and glass were obtained using the JEOL
733 electron-probe microanalyzer (EPMA) at Ibaraki Uni-
versity. The analytical conditions and results are reported in
Ushikubo et al. (2012). The bulk compositions of chond-
rules were measured with broad beam EPMA, and cor-
rected by the method after Ikeda (1980). Although the



5

0

-5

-10

-15
-5-10-15

δ17
O

δ18O

TF

CCAM
PCM

Type I (Mg#<97)
Type I (Mg#>97)
Al-rich (Mg#=99)
RF-type I

(a)

δ17
O

δ18O

0

-10

-30

-40

-50

-20

005- 04- 03- 02- 01-

(b) G68

Olivine
low-Ca Px
high-Ca Px
Plagioclase
Glass

5

0

-5

-10

-15
5051- 01- 5-

(c) G100

spot#1

0 5

Fig. 3. Oxygen three isotope plot of (a) the average values of the
chondrules included in this study, and individual oxygen isotope
data of (b) G68 and (c) G100, which exhibit heterogeneous oxygen
isotopic compositions (data from Ushikubo et al., 2012). The
oxygen isotope data labeled as spot #1 in (b) is the data of the
olivine grain which we measured Mg isotope data (spot #1 of G68
in Table 2).

-7

-6

-5

-4

-3

-2

-1

0

Δ17
O

100 98 96 94 92 90
Mg#

Type I (Mg#<97)
Type I (Mg#>97)
Al-rich
RF-type I

Fig. 4. D17O–Mg# diagram of chondrules in this study (data are
from Ushikubo et al., 2012). Two chondrules that have heteroge-
neous oxygen isotope ratios are not shown. Errors for D17O are
95% confidence.

(a)

(b) (c)

Fig. 5. An example of analysis pits. (a) BSE image of the chondrule
G73. Regions outlined by dotted-dash lines are shown in detail in
(b) and (c). (b) BSE image of Mg isotope analysis pit of olivine with
a 15 lm beam. (c) BSE image of Mg isotope analysis pit of
plagioclase with a 5 lm beam. Scale bars are 100 lm for (a) and
20 lm for (b) and (c).
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quality of broad beam EPMA analysis is not as good as
spot EPMA analysis due to the lack of capability of a ma-
trix correction (e.g., metal, glass, and ferromagnesian sili-
cates), this technique is still useful to determine the Al/
Mg ratios of bulk chondrules. Higher totals are due to tiny
metal and troilite grains, which could not be avoided during
broad beam analysis. However, the Al/Mg ratios are not
influenced by such contamination. Estimated bulk compo-
sitions of chondrules are summarized in Table S1 in elec-
tronic annex.

3.2. Magnesium isotope analysis by secondary ion mass

spectrometry

Magnesium three-isotopes and Al/Mg ratios of minerals
in chondrules were analyzed using the CAMECA IMS-
1280 Secondary Ion Mass Spectrometer (SIMS) at
UW-Madison (WiscSIMS). The analytical conditions are
generally similar to those of Kita et al. (2012). Primary
O� ions were used to sputter the sample to extract second-
ary ions of Mg+ and Al+, by applying primary and second-
ary acceleration voltages of �13 and +10 kV, respectively.
Secondary ion optics were adjusted by using �200 magnifi-
cation for the transfer lens setting and circular mode for
coupling lens settings. The entrance slit width was set to
�90 lm. Other parameters were adjusted according to
two different analytical conditions that were applied to ma-
fic minerals (olivine and pyroxene) and plagioclase, due to
the difference in their secondary Mg+ ion intensities.



Table 2
Al–Mg systematics of ten chondrules from Acfer 094 (USNM-7233-8).

Sample name Spot # phase 27Al/24Mg (2 SE) d26Mg* (2 SE) d25Mg (2 SE)

Al-rich

G15 1 LPx 0.04 ± 0.01 0.07 ± 0.08 1.32 ± 0.29
(Al-rich) 2 Pl 34.58 ± 0.50 1.26 ± 0.89 ��a

3 Pl 33.68 ± 0.48 1.03 ± 0.77 1.54 ± 0.55
4 Pl 33.78 ± 0.49 2.00 ± 0.99 1.03 ± 0.66
5 Pl 32.82 ± 0.47 1.92 ± 0.77 0.86 ± 0.62

(26Al/27Al)0 = (6.0 ± 1.7) � 10�6 d26Mg*
0 = 0.07 ± 0.08

Type I (Mg#P97)

G18 1 LPx 0.03 ± 0.01 �0.01 ± 0.08 0.36 ± 0.29
(Type IAB) 2 LPx 0.04 ± 0.01 0.00 ± 0.08 0.21 ± 0.29

3 HPx 0.10 ± 0.01 0.03 ± 0.08 0.56 ± 0.29
4 Pl 36.89 ± 0.53 1.81 ± 0.94 0.0 ± 0.54
5 Pl 32.33 ± 0.54 0.32 ± 1.03 ��a

(26Al/27Al)0 = (4.7 ± 2.8) � 10�6 d26Mg*
0 = 0.00 ± 0.04

G46 1 Ol <0.01 0.00 ± 0.05 1.72 ± 0.16
(Type IAB) 2 Ol <0.01 0.03 ± 0.04 1.77 ± 0.16

3 LPx 0.02 ± 0.01 �0.03 ± 0.05 0.53 ± 0.16
4 Pl 26.91 ± 0.39 1.15 ± 0.90 0.40 ± 0.55
5 Pl 28.68 ± 0.42 0.96 ± 0.99 0.45 ± 0.54
6 Pl 28.47 ± 0.41 0.78 ± 0.90 0.55 ± 0.52

(26Al/27Al)0 = (4.7 ± 2.7) � 10�6 d26Mg*
0 = 0.00 ± 0.03

G68 1 Ol <0.01 0.01 ± 0.04 1.87 ± 0.16
(Type IAB) 2 Ol <0.01 0.01 ± 0.04 1.90 ± 0.16

3 LPx 0.03 ± 0.01 0.01 ± 0.05 0.18 ± 0.16
4 Pl 39.50 ± 0.57 2.09 ± 1.00 0.20 ± 0.57
5 Pl 44.82 ± 0.64 1.12 ± 0.92 0.39 ± 0.51

(26Al/27Al)0 = (5.0 ± 2.2) � 10�6 d26Mg*
0 = 0.01 ± 0.02

G73 1 Ol <0.01 �0.01 ± 0.05 1.32 ± 0.16
(Type IAB) 2 Ol <0.01 �0.01 ± 0.04 1.28 ± 0.16

3 LPx 0.04 ± 0.01 �0.01 ± 0.06 0.61 ± 0.16
4 Pl 41.77 ± 0.61 2.14 ± 0.90 0.12 ± 0.55
5 Pl 46.80 ± 0.68 2.39 ± 0.95 0.43 ± 0.55
6 Pl 40.12 ± 0.60 2.52 ± 1.00 0.04 ± 0.57

(26Al/27Al)0 = (7.6 ± 1.8) � 10�6 d26Mg*
0 = �0.01 ± 0.03

G76 1 Ol <0.01 0.03 ± 0.05 2.29 ± 0.18
(Type IAB) 2 LPx 0.03 ± 0.01 �0.03 ± 0.05 0.68 ± 0.18

3 LPx 0.02 ± 0.01 0.03 ± 0.04 0.49 ± 0.18
4 Pl 27.98 ± 0.41 0.98 ± 0.87 ��b

5 Pl 34.53 ± 0.64 1.64 ± 1.73 0.48 ± 0.85
6 Pl 33.61 ± 0.48 1.20 ± 0.94 0.50 ± 0.55

(26Al/27Al)0 = (5.1 ± 2.7) � 10�6 d26Mg*
0 = 0.01 ± 0.03

G95 1 Ol <0.01 0.02 ± 0.04 1.60 ± 0.18
(Type IAB) 2 LPx 0.03 ± 0.01 0.01 ± 0.05 0.45 ± 0.18

3 LPx 0.03 ± 0.01 0.04 ± 0.05 0.43 ± 0.18
4 Pl 51.99 ± 0.75 1.56 ± 1.02 0.02 ± 0.58
5 Pl 51.44 ± 0.74 1.93 ± 0.98 0.18 ± 0.53
6 Pl 54.50 ± 0.78 2.08 ± 1.05 �0.04 ± 0.56

(26Al/27Al)0 = (4.9 ± 1.5) � 10�6 d26Mg*
0 = 0.02 ± 0.03

Type I (906Mg#<97)

G45 1 Ol <0.01 0.05 ± 0.04 1.70 ± 0.13
(Type IAB) 2 LPxb 0.06 ± 0.01 0.13 ± 0.04 0.95 ± 0.13

3 LPx 0.05 ± 0.01 0.02 ± 0.05 0.80 ± 0.13
4 Pl 47.56 ± 0.69 2.09 ± 1.15 0.65 ± 0.90
5 Pl 48.47 ± 0.70 0.91 ± 1.14 0.99 ± 0.59
6 Pl 43.67 ± 0.63 1.41 ± 1.11 0.16 ± 0.64

(26Al/27Al)0 = (4.2 ± 2.0) � 10�6 d26Mg*
0 = 0.04 ± 0.03
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Table 2 (continued)

Sample name Spot # phase 27Al/24Mg (2 SE) d26Mg* (2 SE) d25Mg (2 SE)

G74 1 Ol <0.01 0.00 ± 0.04 1.60 ± 0.18
(Type IAB) 2 Ol <0.01 0.06 ± 0.04 1.64 ± 0.18

3 LPxb 0.11 ± 0.01 0.13±0.06 1.44 ± 0.18
4 Pl 32.81 ± 0.47 1.48 ± 0.82 0.33 ± 0.52
5 Pl 36.32 ± 0.52 1.12 ± 0.80 0.60 ± 0.50
6 Pl 32.09 ± 0.47 1.66 ± 0.83 0.15 ± 0.53

(26Al/27Al)0 = (5.6 ± 2.0) � 10�6 d26Mg*
0 = 0.03 ± 0.03

G39 1 Ol <0.01 0.03 ± 0.06 0.65 ± 0.13
(Type I) 2 Ol <0.01 0.00 ± 0.04 0.68 ± 0.13

3 Pl 44.74 ± 0.65 2.74 ± 0.82 �0.72 ± 0.53
4 Pl 48.85 ± 0.70 3.32 ± 0.91 �0.65 ± 0.55
5 Pl 44.31 ± 0.64 2.95 ± 1.01 �0.37 ± 0.64

(26Al/27Al)0 = (9.0 ± 1.5) � 10�6 d26Mg*
0 = 0.01 ± 0.03

a d25Mg data are omitted because the analysis pit overlap with the previous oxygen isotope analysis pit.
b d26Mg* data was not used to calculate the isochron. See the Section 5.2.2.
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3.2.1. Multi-Faraday cup analyses of olivine and pyroxene

Magnesium three-isotopes and Al/Mg ratios for olivine
and pyroxene were measured using a primary O� beam that
was �15 lm in diameter and �4.5 nA in intensity (Fig. 5b).
The field aperture was set to 5000 lm square, correspond-
ing to a �25 lm square field of view on a sample. Second-
ary ions (24Mg+, 25Mg+, 26Mg+, and 27Al+) were detected
by multiple Faraday cup (FC) detectors, simultaneously,
with an exit slit width of 500 lm. Mass resolving power
(M/DM) at 10% height was �2500 and the tailing of inter-
ference peaks, such as 48Ca2+ and MgH+ were negligibly
small at the center of the Mg+ mass spectrum (less than
0.01&). The measured Mg isotope ratios (25Mg/24Mg and
26Mg/24Mg) are converted to the d-notation (d25Mgraw

and d26Mgraw values) by normalizing to the terrestrial refer-
ence ratios of (25Mg/24Mg) = 0.12663 and (26Mg/24Mg) =
0.13932 (Catanzaro et al., 1966), respectively. The relative
sensitivity factor (RSF = (27Al+/24Mg+)/(27Al/24Mg)) for
pyroxene was 0.83 ± 0.05.

The instrumental bias for olivine and pyroxene analyses
were determined by using four olivine and three pyroxene
standards, which are also used as oxygen isotope standards
(Table EA3-2 in Kita et al., 2010). They include San Carlos
olivine (SCol, Fo89), which was used as a running standard,
one synthetic forsterite standard NH-Ol (Fo100), and two
natural olivine standards, IG-Ol (Fo90) and OR-Ol
(Fo60), two natural orthopyroxene standards, SP79-11
(En97) and JE-En (En85), and one diopside standard,
95AK-6 (En47Wo51). It is assumed that the Mg isotopes
in these standards are the same as the literature data of glo-
bal peridotite xenoliths (d25Mg = �0.13 ± 0.03& in DSM3
scale; Teng et al., 2010). This assumption may be valid for
natural mineral standards at the level of ±0.3& (Handler
et al., 2009; Shen et al., 2009). Details for the instrumental
bias correction are described in electronic annex.

The 26Mg-excess after mass fractionation correction
(d26Mg*) is calculated using an exponential law of
d26Mg* = d26Mg � (1 + d25Mg/1000)�0.514 (Davis et al.,
2005). A positive offset of d26Mg*

raw (=d26Mgraw �
(1 + d25Mgraw/1000)�0.514) values of �0.2 ± 0.1& were
consistently obtained by analyses of standards and there
was no correlation with compositions of standard minerals
(electronic annex). Because this offset is likely caused by the
difference in the efficiency of three FC detectors for 24Mg+,
25Mg+, and 26Mg+, respectively, we calculated the average
offset value of bracketing analyses of San Carlos olivine
(d26Mg*

raw(SCol)) and the d26Mg* values of samples were
calculated by d26Mg*(sample) = d26Mg*

raw(sample) �
d26Mg*

raw(SCol).
Uncertainties of d25Mg and d26Mg* values of samples

are assigned to be the same as the spot-to-spot reproducibil-
ity (2SD, 2 standard deviation) of the San Carlos olivine
bracketing analyses. Typical uncertainties (2SD) of bracket-
ing San Carlos olivine analyses are ±0.18& and ±0.05&

for d25Mg and d26Mg* values, respectively. As a result of
the lower count rates of Mg ions of pyroxene relative to
those of San Carlos olivine, uncertainties of Mg isotope
analysis of pyroxene can be larger than those of San Carlos
olivine. When uncertainties calculated by both the internal
error of an individual sample analysis (2SEinternal, 2 stan-
dard error of the mean of 30 cycles in a single analysis)
and the 2 SE of bracketing San Carlos olivine analyses
(2SEstd) are larger than the spot-to-spot reproducibility (2
SD) of the bracketing San Carlos olivine analyses, we as-
sign the value of {(2SEinternal)

2 + (2SEstd)2}1/2 as the uncer-
tainties of the sample data (electronic annex).

After the analytical session, SIMS pit conditions were
assessed by SEM and data from pits with irregularities
(e.g. existence of cracks or inclusions) were rejected.

3.2.2. Magnesium isotope analysis for plagioclase

Magnesium three-isotopes and Al/Mg ratios for plagio-
clase were measured by a 13 kV accelerated lower intensity
primary O� beam (�70 pA) of �5 lm in diameter (Fig. 5c).
Secondary ion optics were adjusted to �200 magnification
from the sample to the field aperture (4000 lm square)
resulting in a 20 lm square field of view. The mass resolving
power (M/DM) was set at �4000, which is suitable for the
separation of 48Ca2+ and MgH+ interferences from the
Mg+ mass spectrum. Secondary Mg+ ions were detected
by an axial electron multiplier (EM) that operated by mag-
netic peak switching. During the measurement of 25Mg+,



Table 3
Mg isotope ratios of other six chondrules from Acfer 094 (USNM-7233-8).

Sample name Spot # phase 27Al/24Mg (2 SE) d26Mg* (2 SE) d25Mg (2 SE)

RF-bearing type I

G56 1 Ol <0.01 0.00 ± 0.04 0.45 ± 0.13
(RF-type IAB) 2 Ol <0.01 �0.01 ± 0.05 0.92 ± 0.13
Average 0.00 ± 0.03
G100 1 Ol <0.01 �0.03 ± 0.04 0.43 ± 0.13
(RF-type IA) 2 Ol <0.01 0.01 ± 0.04 0.74 ± 0.13
Average �0.01 ± 0.03
G113 1 Ol <0.01 0.00 ± 0.04 0.62 ± 0.13
(RF-type I)

Type I (Mg# P 97)

G42 1 Ol <0.01 0.02 ± 0.05 1.87 ± 0.13
(Type IAB) 2 LPx 0.02 ± 0.01 0.03 ± 0.05 0.22 ± 0.13
Average 0.03 ± 0.03
G48 1 Ol <0.01 0.05 ± 0.04 1.20 ± 0.13
(Type I BO) 2 Ol <0.01 0.04 ± 0.05 1.27 ± 0.13
Average 0.05 ± 0.03

Type I (90 6Mg# < 97)

G52 1 Ol <0.01 0.01 ± 0.05 1.74 ± 0.13
(Type IA) 2 Ol <0.01 0.01 ± 0.05 1.77 ± 0.13
Average 0.01 ± 0.04
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secondary 27Al+ ions were simultaneously detected by a FC
on an additional trolley, located on the high mass side of
the axial EM (Kita et al., 2012). Dead time of the EM deter-
mined by Mg isotope data of anorthitic glasses was
25.4 ± 2.3 ns. Counting times of individual ions for each cy-
cle were 3s for 24Mg+ and 10s for 25Mg+, 26Mg+, and 27Al+,
respectively. The total number of cycles for each Mg iso-
tope analysis was 300.

The data reduction procedure of Mg isotope ratios
(25Mg/24Mg and 26Mg/24Mg) is similar to those for olivine
and pyroxene (see Section 3.1). Because all Mg ions were
measured by an axial EM detector, no offset correction
for the d26Mg* value is applied.

Magnesium isotope ratios and 27Al/24Mg ratios of three
anorthitic synthetic glasses, each with a d25Mg value of
�1.77& on the DSM3 scale (1 wt% MgO, 0.6 wt% MgO,
and 0.1 wt% MgO, respectively; Kita et al., 2012), were mea-
sured to determine the correction factor for anorthite (aanor-

thite) and the RSF ((27Al+/24Mg+)/(27Al/24Mg) = 1.019 ±
0.014). The synthetic anorthitic glass containing 1 wt%
MgO was used as a running standard, and the d25Mg
spot-to-spot analytical uncertainty was ±0.21& (2SEstd,
n = 13). Uncertainties of the measurements of unknowns
are assigned as {(2SEinternal)

2 + (2SEstd)2}1/2 for d25Mg
and 2SEinternal for d26Mg*, respectively (electronic annex).

After the analytical session, SEM imaging of the SIMS
pits revealed that some of the Mg isotope analyses
(�5 lm in diameter) overlapped with SIMS pits from oxy-
gen isotope analyses (�2 lm in diameter by a Cs+ primary
beam). In such cases, d26Mg* values were accepted in order
to discuss initial 26Al abundances, but we did not use corre-
sponding d25Mg values to discuss mass-dependent Mg iso-
tope fractionation because irregular shapes at the bottom of
analysis pits might cause unexpected mass-dependent frac-
tionation (Table 2).
4. RESULTS

4.1. The 26Al–26Mg systematics and d26Mg* values of olivine

and pyroxene

Magnesium isotope data of chondrules are summarized
in Table 2 and Table 3. Backscattered electron (BSE)
images and analysis positions of samples are summarized
in Fig. S2 in electronic annex. Of the ten chondrules with
sufficient plagioclase, the 27Al/24Mg ratios range from 27
to 55 and have significant 26Mg-excesses (positive d26Mg*

values) of up to 3.3&, indicating the existence of extinct
26Al when plagioclase crystallized. The 26Al–26Mg system-
atics of individual chondrules is shown in Fig. 6. To calcu-
late isochrons of chondrules, we used two or more Mg
isotope data from both ferromagnesian minerals (olivine
and pyroxene phenocrysts) and plagioclase in each chon-
drule, respectively. We excluded two outlier pyroxene data
(one from G45 and one from G74, Table 2), which exhibit
positive d26Mg* values (�0.13&) and are distinct from
d26Mg* values of other olivine and pyroxene phenocrysts
in the same chondrule. In addition, relict olivine grains with
distinct oxygen isotope ratios might have distinct Mg iso-
tope ratios as well, due to different origins and lack of iso-
topic exchange. The possibility of isotope heterogeneity in
chondrules is assessed in Section 5.2.2.

The inferred initial 26Al/27Al ratios, (26Al/27Al)0, of
chondrules range from (4.2 ± 2.0) � 10�6 to
(9.0 ± 1.5) � 10�6 (Fig. 6 and Table 2). Chondrule G39 has
a high (26Al/27Al)0 of (9.0 ± 1.5) � 10�6, which marginally
overlaps with the (26Al/27Al)0 values of other chondrules.
Nine of ten chondrules have consistent (26Al/27Al)0 values
within analytical uncertainties although G73 chondrule has
slightly higher (26Al/27Al)0 values. The weighted average in
(26Al/27Al)0 values of the nine internally consistent
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chondrules is (5.4 ± 0.7) � 10�6. Fig. 7 shows the relation-
ship between (26Al/27Al)0 and oxygen isotopic compositions
(D17O). Although two chondrules with D17O values of�0.5&

and �6.3& exhibit higher (26Al/27Al)0 values, there is no
clear correlation between (26Al/27Al)0 and oxygen isotopic
compositions among chondrules from Acfer 094. It is worth
mentioning that the (26Al/27Al)0 of G68, which contains
highly heterogeneous oxygen isotope ratios (Fig. 3b), is also
consistent with other Acfer 094 chondrules which have
homogeneous oxygen isotope ratios (Fig. 7).

The d26Mg*
0 values as intercepts of internal isochrons

from ten chondrules as well as the average d26Mg* values
from the 6 chondrules where only the Mg isotope ratios
of olivine and low-Ca pyroxene phenocrysts were
measured, are shown in Fig. 8. As the 27Al/24Mg ratios of
olivine and low-Ca pyroxene are very low (typically < 0.01),
the d26Mg*

0 values from isochrons and the d26Mg* values
from olivine and low-Ca pyroxene phenocrysts each repre-
sent the initial Mg isotopic compositions of chondrule-
forming melts. The d26Mg*

0 (or d26Mg*) values of ferro-
magnesian chondrules (RF-type I and type I) are lower
than 0.05& and none of the data show a resolved depletion
in d26Mg* when compared to the terrestrial standards be-
yond analytical uncertainties (Fig. 8a). The d26Mg* value
of the Al-rich chondrule G15 is comparatively more posi-
tive, and has a relatively large uncertainty (+0.07 ±
0.08&). In addition, only low-Ca pyroxene grains were
measured. Two chondrules, G45 and G48, have positive
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d26Mg*
0 (or d26Mg*) values, although the observed excesses

are comparable to the analytical uncertainty (2 SD) of indi-
vidual analyses (Fig. 8a). As the (26Al/27Al)0 and the
27Al/24Mg values of estimated bulk compositions of indi-
vidual chondrules are distributed within a narrow range,
there is no significant correlation between d26Mg*

0 (or
d26Mg*) values and the (26Al/27Al)0 or bulk 27Al/24Mg ra-
tios of individual chondrules (Fig. 8b and c).

4.2. Mass-dependent Mg isotope fractionation

Mass-dependent fractionation of Mg isotope ratios
(d25Mg, &/amu) of olivine, pyroxene, and plagioclase of
individual chondrules is summarized in Tables 2 and 3.
Fig. 9 shows all d25Mg data of individual chondrules.

The observed d25Mg values of olivine and pyroxene are
higher than terrestrial standards and range from 0.2& to
2.3&/amu, which are consistent with results of previous
studies (e.g. Galy et al., 2000; Young et al., 2002; Bizzarro
et al., 2004). In most cases, olivine data contain the highest
d25Mg values (� +1.5&), followed by pyroxene (� +0.6&),
and plagioclase data have d25Mg values close to 0&. The
d25Mg values of olivine in RF-type I chondrules (G56,
G100, and G113) are close to 0&/amu, which are lower than
d25Mg values of olivine in other chondrules. In the eight
chondrules where both olivine and pyroxene were analyzed,
d25Mg values of olivine are comparatively higher than those
of pyroxene, with the exception of G74. When collectively
considering the possible analytical uncertainties due to brac-
keting analyses of standards (� ±0.18&), linear regression
lines due to the matrix correction (� ±0.15&), and variabil-
ity in the d25Mg values of terrestrial minerals from igneous
rocks (� ±0.3&; Handler et al., 2009; Shen et al., 2009),
the observed difference of d25Mg values (up to 1.7&) be-
tween olivine and pyroxene within a given chondrule is sig-
nificant. This result is distinct from the observation of
indistinguishable oxygen isotope ratios of various phases
within each chondrule (Ushikubo et al., 2012).
5. DISCUSSION

5.1. Chondrule formation age and oxygen isotope systematics

5.1.1. Initial 26Al/27Al ratios and D17O values of chondrules

from Acfer 094

The range of the inferred (26Al/27Al)0 of chondrules in
Acfer 094 (Fig. 7) are similar to those from unequilibrated
ordinary (LL, L) chondrites and carbonaceous (CO, CV,
and Acfer 094) chondrites that typically have values of
(5–10) � 10�6 (Hutcheon and Hutchison, 1989; Russell
et al., 1996; Kita et al., 2000; Huss et al., 2001; Mostefaoui
et al., 2002; Yurimoto and Wasson, 2002; Kunihiro et al.,
2004; Rudraswami and Goswami, 2007; Kurahashi et al.,
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2008a; Rudraswami et al., 2008; Villeneuve et al., 2009;
Hutcheon et al., 2009). The (26Al/27Al)0 values in the major-
ity of type I chondrules from Acfer 094 (�5 � 10�6) are
slightly lower than those of type I chondrules from unequil-
ibrated ordinary and carbonaceous chondrites and are sim-
ilar to those of type II chondrules from CO3 (Kunihiro
et al., 2004; Kurahashi et al., 2008a). As the Mg isotopes
of plagioclase and glass in chondrules from type 3.0 chon-
drites do not show any evidence for later isotope distur-
bance by metamorphism in the parent body, the
26Al–26Mg systematics of chondrules from type 3.0
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Fig. 10. A comparison of initial 26Al/27Al ratios of chondrules from Ac
ordinary chondrites (LL3.0 to 3.2) with D17O values (data from Kita et al.
et al., 2013). Errors are 95% confidence.
chondrites were very likely closed after the last chondrule
melting event (Kita et al., 2000; Huss et al., 2001; Kita
and Ushikubo, 2012). The narrow range of (26Al/27Al)0 val-
ues in many chondrules from Acfer 094 indicate that the
last melting event occurred within a time interval of less
than 0.5 Ma. Assuming a homogeneous initial distribution
of extinct 26Al in the early solar system (i.e., a (26Al/27Al)0

value of 5.2 � 10�5 when primitive CAIs formed (Jacobsen
et al., 2008; MacPherson et al., 2010, 2012; Larsen et al.,
2011), the average (26Al/27Al)0 value of 5.4 � 10�6 of Acfer
094 chondrules indicates that the final melting events of
most chondrules from Acfer 094 occurred �2.3 Ma after
primitive CAIs.

Of this study, 14 of 16 chondrules contain internally
consistent D17O values from multiple mineral phases and
glass, suggesting that the oxygen isotope ratios of chon-
drule-forming environments are recorded in each chondrule
(Ushikubo et al., 2012). The observed increase in chondrule
D17O values associated with FeO enrichment of chondrule
silicates could have been caused by enrichment of an 16O-
depleted oxidizing agent such as H2O in the chondrule
forming environment (Wasson et al., 2004; Connolly and
Huss, 2010; Tenner et al., 2012, 2013; Ushikubo et al.,
2012). This idea is supported by the proposed existence of
16O-depleted H2O in the solar nebula (Yurimoto and
Kuramoto, 2004; Kuramoto and Yurimoto, 2005) and
chondritic records indicating the existence of 16O-depleted
H2O (Choi et al., 1998; Sakamoto et al., 2007). Interest-
ingly, however, no significant difference in the inferred
(26Al/27Al)0 between chondrules with D17O � �5& and
those with D17O � �2& is observed (Fig. 7). Two chond-
rules with lowest and highest D17O values of �6.3& and
�0.5&, respectively, have higher inferred (26Al/27Al)0 val-
ues of (7–9) � 10�6, hinting a possible change of oxygen
isotope ratios with time. However, more data from chond-
rules with D17O � �6& and �0& are necessary to deter-
mine if they consistently exhibit higher (26Al/27Al)0

values. Overall, the narrow range of (26Al/27Al)0 among
chondrules with various D17O values could indicate that
either the oxygen isotopic composition of the solar nebula
20

 line Type I (Mg#>97)
Type I (Mg#<97)

Type I (Mg#>97)
Type I (Mg#<97)
Type II

Type I
Type II

Acfer 094 (C3.0)

Y81020 (CO3.0)

LL3.0-3.2

fer 094 (C-ungrouped 3.00), Y-81020 (CO3.0), and unequilibrated
, 2000, 2010; Kurahashi et al., 2008a; Ushikubo et al., 2012; Tenner
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was spatially heterogeneous, or that the increase in the
abundance of an 16O-depleted oxidizing agent in the chon-
drule forming environment occurred within the analytical
uncertainty of the 26Al–26Mg systematics of chondrules
(60.3 Ma). Ushikubo et al. (2012) found that some 16O-rich
chondrules (D17O � �5&) have 16O-poor relict olivine
grains (D17O � �2&) and some 16O-poor chondrules
(D17O � �2&) have 16O-rich relict olivine grains
(D17O � �5&). This observation supports a spatial hetero-
geneity, rather than a temporal change, in the oxygen isoto-
pic composition in the solar nebula.

Interestingly, the (26Al/27Al)0 of G68, a chondrule that
contains many 16O-rich relict olivine grains, is consistent
with those of the 14 aforementioned chondrules (Fig. 7).
Although the oxygen isotope ratios of olivine in G68 sug-
gest a close relationship to Amoeboid Olivine Aggregates
(AOAs) that have 16O-rich oxygen isotopic compositions
and formed as early as CAIs (Hiyagon and Hashimoto,
1999; Aléon et al., 2002; Krot et al., 2005; Itoh et al.,
2007; MacPherson et al., 2012), the last melting event of
G68 was not older than, but instead contemporaneous to
other ferromagnesian chondrules. Makide et al. (2009) re-
ported that the compound CAI-chondrule objects have het-
erogeneous oxygen isotopic compositions indicating
incomplete mixing between the CAI-like 16O-rich compo-
nent and the chondrule-like 16O-poor component. The pres-
ervation of 16O-rich signatures in many of the olivine grains
within G68 is likely a result of incomplete melting and
insufficient oxygen isotope exchange with the surrounding
nebular gas.

5.1.2. Initial 26Al/27Al ratios and oxygen isotopic

compositions of chondrules among primitive chondrites

Fig. 10 illustrates the comparison between (26Al/27Al)0

and the oxygen isotopic compositions (D17O) in the same
chondrules from Acfer 094, Yamato 81020 (Y-81020,
CO3.0, Kurahashi et al., 2008a; Tenner et al., 2013), and
three ordinary chondrites, Semarkona (LL3.0), Bishunpur
(LL3.1), and Krymka (LL3.2) (Kita et al., 2000, 2010).
Note that the chondrule data from a CO chondrite consist
of both type I and type II chondrules but those from Acfer
094 and LL3 chondrites consist of only type I chondrules
and mainly of type II chondrules, respectively.

Collectively, the chondrule data can be classified into
three distinct groups with respect to their D17O values at
(1) P0&, (2) �2& to �3&, and (3) <�4&. The first group
(D17O P 0&) mainly consists of chondrules from LL chon-
drites, but also contains one type I chondrule from Acfer
094 (G39). The other groups consist of chondrules from
carbonaceous chondrites (Acfer 094 and Y-81020). The sec-
ond group (D17O = �2& to �3&) consist of both type I
and type II chondrules, while the third group
(D17O < �4&) only consist of type I chondrules. The
(26Al/27Al)0 values of chondrules from Acfer 094 are within
the ranges of those of chondrules in each of three oxygen
isotope groups. Absence of chondrules with intermediate
D17O values (�2& to �3&) at higher (26Al/27Al)0 values
(�1 � 10�5, Fig. 10) suggests later formation of chondrules
in oxygen isotope reservoirs of D17O = �2& to �3&.
However, there is no obvious difference in the lowest
(26Al/27Al)0 values among three oxygen isotope groups.
Overall, the (26Al/27Al)0 of all three oxygen isotope groups
arguably overlap each other, meaning that there is no
resolvable difference in the timing and duration of chon-
drule formation as a function of D17O. This indicates the
presence of regional oxygen isotope heterogeneity of the so-
lar nebula during contemporaneous formation of ordinary
and carbonaceous chondrites, which was suggested by
Kurahashi et al. (2008a). Although several astrophysical
settings have been suggested to preserve oxygen isotope het-
erogeneity in the early solar nebula (e.g., Yurimoto et al.,
2008), the mechanism and the source of oxygen isotope het-
erogeneity are not well understood.

It has been shown that majority of chondrules from CR2
chondrites have systematically lower (26Al/27Al)0 values
than those of chondrules from ordinary chondrites, Y-
81020, and Acfer 094 (1 � 10�5–4 � 10�6 for some chond-
rules and <3 � 10�6 for many chondrules, Nagashima
et al., 2007, 2008; Kurahashi et al., 2008b). Oxygen isotope
ratios of chondrules in CR2/CR3 chondrites have a wide
range of D17O values (�5& to +1&; Connolly and Huss,
2010; Tenner et al., 2012; Schrader et al., 2013), though
there is no systematic study that combines their 26Al–26Mg
systematics with oxygen isotope ratios. A D17O � 0& chon-
drule fragment from the Jupiter-family comet Wild 2 also
has lower (26Al/27Al)0 (<3.0 � 10�6; Ogliore et al., 2012).
Collectively, these chondrules could represent a younger
generation of chondrules that formed in regionally
heterogeneous oxygen isotope composition of the solar
nebula.

5.2. Magnesium isotopic composition of chondrules

5.2.1. Mass-dependent fractionation

Olivine grains in chondrules have variable and positively
fractionated Mg isotopic compositions (up to 2.3& in
d25Mg, Fig. 9). In contrast, Mg isotopic compositions of
low-Ca pyroxene and plagioclase in the same chondrules
tend to show less fractionation, with the exception of low-
Ca pyroxene in the chondrule G74 (Fig. 9). The occurrence
of a positive Mg isotopic fractionation in Allende chon-
drule olivine has also been suggested by Villeneuve et al.
(2011). As equilibrium Mg isotope fractionation
(26Mg/24Mg) between olivine and melt is less than 0.07&

at P1055 �C (Teng et al., 2007), the observed variation of
d25Mg in each chondrule indicates that Mg isotopes were
fractionated by evaporation and/or condensation during
chondrule melting processes.

Although it has been recognized that the degree of mass-
dependent isotope fractionation of various elements such as
K, Mg, and Fe in chondrules is limited and significantly
smaller than those by Rayleigh-type evaporative loss (e.g.
Galy et al., 2000; Alexander and Wang, 2001; Alexander
and Grossman, 2005; Hezel et al., 2010), it has been sug-
gested that isotopic compositions of chondrule-forming
melt were initially positively fractionated because of evapo-
rative loss at the beginning of chondrule formation, and
that the signature of mass fractionation was erased by later
condensation of elements from the surrounding gas (e.g.,
Alexander, 2004; Fedkin et al., 2012). If type I chondrules
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formed in a less dust-enriched environment than type II
chondrules (e.g., Ebel and Grossman, 2000; Alexander,
2004), the temporal positive isotopic fractionation during
chondrule formation is more likely to occur for type I chon-
drule melts although the degree of isotopic fractionation
highly depends on the conditions of chondrule formation.
Furthermore, Nagahara et al. (2008) reported evidence
for condensation of Mg and Si at the cooling stage of chon-
drule formation. Therefore, it is possible that the systemat-
ically higher d25Mg values in olivine observed from many
type I chondrules from Acfer 094 could represent temporal
enrichments of heavy Mg isotopes, due to evaporative ef-
fects during high temperature crystallization of olivine from
the chondrule-forming melt. Pyroxene and plagioclase
likely crystallized after olivine, and possibly after reconden-
sation and incorporation of Mg into the chondrule-forming
melt, so that they acquired progressively lower d25Mg val-
ues relative to olivine.

The lack of a systematic correlation in oxygen isotopes
could mean that (1) the mass-dependent fractionation of
oxygen isotopes by evaporative loss was smaller than that
of Mg isotopes (e.g. Wang et al., 2001) and the analytical
uncertainties of d18O values for ferromagnesian silicates
and plagioclase (±0.3& and ±1.2&, respectively; Ush-
ikubo et al., 2012) are insufficient to distinguish a variation
in d18O values or (2) the interaction and re-equilibration be-
tween melt and surrounding gas during chondrule forma-
tion (e.g. Alexander, 2004) might have suppressed mass-
dependent isotope fractionation. Due to the relatively small
chondrule sizes in Acfer 094, detailed study on internal
variations of d25Mg and a comparison between Mg and
oxygen isotope ratios within a chondrule could not be
examined in this study. Perhaps future investigations of
d25Mg variations within chondrule phases, likely within lar-
ger chondrules (e.g. chondrules from LL, CV, CR chon-
drites), will prove useful in addressing temporal isotope
fractionation during chondrule formation.

We obtained one Mg isotope measurement from a relict
olivine grain (G68 ol#1, Fig. 1d) which exhibits a highly
16O-rich oxygen isotope ratio (D17O � �18&, Fig. 3b, Ta-
ble 2). Even though the oxygen isotope ratio of this olivine
grain is similar to those of AOAs, the Mg isotope ratio is
positively fractionated. This observation is distinct from a
lack of positive Mg isotope fractionation in AOAs (e.g.,
MacPherson et al., 2012) but is similar to olivine grains in
chondrules whose oxygen isotope ratios are homogeneous.
The relict grain is coarser (�60 lm in diameter) than those
of AOAs and its oxygen isotope ratio is not as 16O-rich as
typical AOAs (e.g., Krot et al., 2004). One possible expla-
nation is that we measured a mixture of relict and over-
growth within the single olivine grain. Another possibility
is that both oxygen and Mg isotopes of this grain were par-
tially disturbed by annealing and isotopic diffusion during
the chondrule melting process.

5.2.2. d26Mg* variations in chondrules

Three olivine data from three chondrules (G45, G48,
and G74) exhibit positive d26Mg*. However, their values
are within the 3SE errors of individual analyses. No neg-
ative d26Mg* was observed, including the analysis of the
16O-rich (D17O � �18&) olivine grain within chondrule
G68 (spot #1 in Table 2). Although olivine grains with
an 16O-rich signature are as old as CAIs, an expected
d26Mg* should only be as low as �0.03& (Jacobsen
et al., 2008; Villeneuve et al., 2009), which is smaller than
a typical uncertainty of each analysis in this study
(±0.05&). We could not perform multiple Mg isotope
analyses in each olivine grain to confirm subtle d26Mg*

variation because the primary beam size is comparable
to the size of each measured grain. Further data are re-
quired to confirm the existence of d26Mg* variability in
olivine.

In contrast, two low-Ca pyroxene data in two type IAB
chondrules, G45 and G74, exhibit positive d26Mg* values of
�0.13&, which are significantly higher than the 3SE of low-
Ca pyroxene analysis and �0.1& higher than other coexis-
ting olivine and pyroxene grains within the same chondrule
(Table 2). Considering the inferred (26Al/27Al)0 of these
chondrules (�5.4 � 10�6) and low 27Al/24Mg ratios of their
constituent low-Ca pyroxene grains (<0.11), the values of
these unique, high d26Mg* grains are much larger than ex-
pected (<0.005&). It is unlikely that low-Ca pyroxene pre-
served an intrinsic positive d26Mg* of precursor silicate dust
because oxygen isotope ratios indicate that low-Ca pyrox-
ene crystallized from the chondrule forming melt (Ush-
ikubo et al., 2012). A possible explanation is that these
pyroxene grains formed by reheating and partial melting
of chondrules. If a chondrule was reheated and partially
melted, the melt could have a higher Al/Mg ratio than that
of the bulk chondrule because of presence of unmelted fer-
romagnesian silicates (e.g., olivine). If the radiogenic 26Mg
accumulated in previous Al-rich phases was redistributed in
the melt, then any phases, including pyroxene, plagioclase,
and glass, formed from the melt would have an excess in
26Mg relative to the other crystalline phases from the earlier
chondrule forming event. If so, the pyroxene data with ele-
vated d26Mg* may represent direct evidence for a repeated
melting of chondrules. In such a scenario, the inferred
(26Al/27Al)0 by the isochron from plagioclase and pyroxene
with excess 26Mg represents the 26Al abundance when such
a partial melting occurred. Multiple heating events of
chondrules may have occurred with a time scale compara-
ble to the observed variations in 26Al relative ages within
a single meteorite group, typically 0.5–1 Ma (e.g., Kita
and Ushikubo, 2012).

By alternatively using these pyroxene grains with higher
d26Mg* as initial Mg isotope ratios, the inferred (26Al/27Al)0

values would be slightly lower than those shown in Fig. 6;
(4.0 ± 2.0) � 10�6 for G45 and (5.3 ± 2.0) � 10�6 for
G74, respectively. These alternate values do not change
the slopes of isochron regression significantly because pla-
gioclase grains have high 27Al/24Mg ratios (P30) and their
d26Mg* values of plagioclase (P1&) are significantly higher
than those of high d26Mg* pyroxene grains. If an isochron
of chondrules only be determined using lower 27Al/24Mg
phases (e.g., Al-rich glass with 27Al/24Mg < 10), these differ-
ences in pyroxene analyses would yield a greater uncer-
tainty in the slope of the isochron. Therefore, careful
analysis of pyroxene would be required to assess the in-
ferred (26Al/27Al)0 of chondrules.
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6. CONCLUSIONS

We determined (26Al/27Al)0 of one Al-rich chondrule
and 9 type I chondrules from the Acfer 094 carbonaceous
chondrite (C-ungrouped 3.00) and compared these values
with corresponding chondrule oxygen isotope ratios. We
also measured Mg isotopic compositions of 3 type I and 3
RF-type I chondrules that have been previously measured
for their oxygen isotope ratios.

1. Although significant variability is observed in
(26Al/27Al)0 of Acfer 094 chondrules, no strong correla-
tion exists between (26Al/27Al)0 and D17O values. This is
true even when chondrules from Y-81020 (CO3.0) and
unequilibrated ordinary chondrites (LL3.0 to 3.2) are
included, indicating regional oxygen isotope heterogene-
ity in the solar nebula over the duration of chondrule
formation.

2. The 26Al–26Mg systematics of the type I chondrule G68,
which has olivine grains with highly heterogeneous oxy-
gen isotope ratios (down to �23& in D17O), indicates
that the timing of the last melting of this chondrule
was similar to other ferromagnesian chondrules. The
16O-rich signature of this chondrule suggests that the
precursor material was closely related to refractory
inclusions. However, preservation of the 16O-rich signa-
ture is not the result of an earlier stoppage of the last
chondrule melting process, but is likely rather the result
of incomplete melting and insufficient oxygen isotope
exchange with the surrounding nebular gas during chon-
drule melting.

3. Magnesium isotopes of olivine grains of chondrules are
positively fractionated. As olivine is the liquidus phase
in the chondrules investigated in this study, it may pre-
serve a positively fractionated Mg isotopic composition
of the chondrule forming melt prior to significant con-
densation of major elements that occurred during the
cooling stage of chondrule formation.

4. A positive d26Mg* was observed in a few low-Ca pyrox-
ene grains, with d26Mg* values that are �0.1& greater
than other coexisting olivine and pyroxene grains within
the same chondrule. This may be the result of a partial
melting of chondrules by a reheating event, by which
the high d26Mg* low-Ca pyroxene crystallized and
exchanged Mg isotopes. If this is the case, the true
(26Al/27Al)0 of the last chondrule melting event of some
chondrules would be slightly lower (by <10%) than the
(26Al/27Al)0 based on Mg isotope data of plagioclase
and olivine.
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