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5"mm

Primitive meteorite (chondrite)

微惑星形成以前の原始太陽系円盤環境を記録する物質

コンドルール: 微惑星の種

● サブmmのケイ酸塩球粒
● 前駆ダストの急加熱・急冷により形成
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e.g., Johnson+(2015) Nature e.g., Desch+(2012) MAPS

微惑星の衝突 衝撃波加熱

コンドルールの時空間分布を明らかにできれば、
巨大惑星形成時期や微惑星の分布、ダスト密度分布の理解に繋がる

dust Shock front

credit:NASA/JPL

コンドルール形成モデル

disk gas

chondrule
dust

雷加熱 e.g., Kaneko+(2023) ApJ

衝撃波の起源
● 重量不安定
● 微惑星によるバウショック
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Outline

1. コンドルールの形成領域: 安定同位体比からの示唆

2. コンドルールの形成年代: Al-Mg年代からの制約

3. コンドルール形成と母天体集積の関連



同位体比の変動要因
q 質量依存同位体分別

● 動的同位体分別: 非可逆反応 (蒸発、凝縮)

可逆反応 (化学平衡)● 平衡同位体分別:
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Slope ≈ 1/2q 非質量依存同位体変動

● 核合成起源同位体異常

δ26Mg*● 放射壊変

● 宇宙線との相互作用 (核破砕、中性子捕獲)

Δ17O (= δ17O – 0.52 × δ18O)

16O + cosmic ray → 10Be + …..

● 光化学反応

e.g., ε50Ti, ε54Cr

地球物質の三酸素同位体図

( 26Al → 26Mg + e+ + νe
 )

Δ: キャピタルデルタ
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隕石の分類
W

eisberg et al.:
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Fig. 1. Diagram expressing the systematics of meteorite classification and showing the major meteorite divisions, classes, clans, and groups and relationships among meteorite groups.
URE — ureilite, ACA — acapulcoite, LOD — lodranite, ANG — angrite, AUB — aubrite, BRA — brachinite, WIN — winonaite, HED — howardite-eucrite-diogenite, MES — mesosiderite,
MG PAL — main-group pallasite, ES PAL — Eagle Station pallasite, PP PAL — pyroxene pallasite, SHE — shergottite, NAK — nakhlite, CHA — chassignite, OPX — orthopyroxenite.

分化（溶融: 化学分別有）

未分化（宇宙の堆積岩） 中間（溶融: 化学分別無）
https://www.irohabook.com/rock-types

Weisberg et al. (2006). In Meteorite and the Early Solar System II
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コンドライトの分類

Weisberg et al. (2006). In Meteorite and the Early Solar System II

W
eisberg et al.:

System
atics and E

valuation of M
eteorite C

lassification
21

Fig. 1. Diagram expressing the systematics of meteorite classification and showing the major meteorite divisions, classes, clans, and groups and relationships among meteorite groups.
URE — ureilite, ACA — acapulcoite, LOD — lodranite, ANG — angrite, AUB — aubrite, BRA — brachinite, WIN — winonaite, HED — howardite-eucrite-diogenite, MES — mesosiderite,
MG PAL — main-group pallasite, ES PAL — Eagle Station pallasite, PP PAL — pyroxene pallasite, SHE — shergottite, NAK — nakhlite, CHA — chassignite, OPX — orthopyroxenite.

• 揮発性物質（水・有機物）に富む
• 水質変成の痕跡

炭素質コンドライト
(Carbonaceous : CC)

非炭素質コンドライト
（Non Carbonaceous: NC）

• 熱変成度に大きなバリエーション

① 岩石学的特徴 (e.g., サイズ)
② バルク化学組成
③ 酸素同位体比

に基づいて分類
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1. コンドルールの形成領域: 安定同位体比からの示唆

2. コンドルールの形成年代: Al-Mg年代からの制約

3. コンドルール形成と母天体集積の関連



隕石全岩の同位体異常 (同位体二分性)55 Page 4 of 27 T. Kleine et al.

Fig. 1 (a) ε54Cr versus ε50Ti and (b) ε54Cr versus "17O. These two plots were instrumental for the original
definition of the NC–CC dichotomy. Note that the O isotope anomalies are not thought to be nucleosynthetic
in origin, but that they are nevertheless indicative of spatial or temporal changes within the accretion disk (Mc-
Keegan et al. 2011). Data taken from the compilations in Burkhardt et al. (2017) and Dauphas and Schauble
(2016). (c) ε94Mo versus ε100Ru and (d) ε94Mo versus ε64Ni. These two plots for siderophile elements are
useful for illustrating that the NC–CC dichotomy for iron meteorites extends to several elements. Note that
the Ni isotope anomalies most likely reside on 58Ni, but they are shown as apparent variations in ε64Ni,
because for this normalization the apparent anomalies are larger and more precisely measured. Data taken
from the compilations in Nanne et al. (2019), Worsham et al. (2019), and Hopp et al. (2020). Importantly,
in all plots the NC and CC fields are consistently defined by the same meteorite groups. Note the wide gap
between the NC (red) and CC (blue) fields

on isotope anomalies for Ti, Cr, Ni, and Mo. The isotope anomalies in Ti and Cr predomi-
nantly reflect variations in the neutron-rich isotopes of these elements (i.e., 50Ti, 54Cr), both
of which are thought to be produced in supernovae (Leya et al. 2008; Trinquier et al. 2007,
2009; Zhang et al. 2012). For Cr, one potential carrier of these anomalies has been identified
as 54Cr-rich nanospinels that probably condensed in the outflow of supernovae (Dauphas
et al. 2010; Qin et al. 2011). Such grains may also be strongly enriched in 50Ti (Nittler et al.
2018). Anomalies in Ni appear to have distinct origins in bulk meteorites and CAIs. Whereas
the Ni isotope anomalies in CAIs, similar to Cr and Ti, appear to reflect enrichments in the
neutron-rich isotopes 62Ni and 64Ni (Birck and Lugmair 1988; Render et al. 2018), those in
bulk meteorites largely seem to reflect variations in 58Ni (Nanne et al. 2019; Steele et al.
2012; Tang and Dauphas 2012).

A key element with respect to the NC–CC dichotomy is Mo. The seven stable Mo iso-
topes are produced by three distinct nucleosynthetic processes, namely the proton (p-) pro-
cess, the slow neutron capture (s-) process and the rapid neutron capture (r-) process. While
the p- and r-processes are thought to occur in neutron-rich stellar environments such as

NC group

CC group

Kleine+(2020) Space Sci. Rev.

NC: Non-Carbonaceous
CC: Carbonaceous

REVIEW ARTICLE NATURE ASTRONOMY

of bodies heated by 26Al decay, indicate that chondrite parent-body 
accretion occurred between ~2 and ~4 Myr after CAI formation, 
and post-dated the accretion of differentiated asteroids. In the NC 
reservoir, meteorite parent-body accretion ceased at ~2 Myr, when 
the ordinary chondrite parent bodies formed, but in the CC reser-
voir continued until at least ~3–4 Myr, when the CR and CM chon-
drite parent bodies formed (Fig. 4).

Dynamical implications of the NC–CC dichotomy
Linking the chronology of meteorite parent-body accretion with 
the NC–CC dichotomy provides fundamentally new insights into 
the dynamics and large-scale structure of the solar protoplanetary 
disk, the formation and growth history of Jupiter, and the accretion 
dynamics of terrestrial planets, including the delivery of water and 
highly volatile species to Earth.

Origin of the dichotomy and structure of the solar protoplan-
etary disk. To understand the origin of the NC–CC dichotomy, it is 
useful to summarize its three key characteristics. First, the dichot-
omy requires a larger fraction of nuclides produced in neutron-rich 
stellar environments to be present in the CC reservoir compared 
with the NC reservoir. This is manifest by enrichments in 50Ti, 54Cr, 
and r-process Mo isotopes in CC materials relative to NC materi-
als. Second, the same isotopic characteristics, but with more pro-
nounced enrichments, are typically also found in CAIs11,53, which 
are known to have formed very early3,41,54,55. Finally, the dichotomy 
exists for both refractory (for example, Ti, Mo) and non-refractory 
(for example, Cr, Ni) elements, which were probably hosted in dis-
tinct carriers. On the basis of these observations, two potential sce-
narios for the origin of the dichotomy can be ruled out. First, the 
dichotomy cannot reflect preferential destruction and volatilization 
of isotopically anomalous material from thermally labile presolar 
carriers by locally elevated temperatures within the disk, because 
such ‘thermal processing’ would have probably resulted in disparate 
effects on carriers of elements with different volatilities. Moreover, 
there is no a  priori reason why thermal processing would solely 
affect carriers from specific neutron-rich stellar environments, 
and not also other carrier phases. Second, the dichotomy also can-
not solely result from admixing of isotopically anomalous CAIs 

to the CC reservoir, because CAIs contain too little Cr and Ni to 
have a notable effect on the isotopic composition of these elements 
throughout the outer disk13,56.

Instead, the key characteristics of the dichotomy outlined above 
are more readily explained if the isotopic difference between the 
NC and CC reservoirs is inherited from the Solar System’s paren-
tal molecular cloud and was imparted onto the protoplanetary disk 
during infall from the collapsing protostellar envelope (Fig. 5). For 
instance, in a model proposed by Nanne et al.13 and Burkhardt et al.56, 
the isotopic composition of early-infalling material is characterized 
by enrichments in nuclides from neutron-rich stellar environments 
and is similar to that recorded in CAIs, which formed close to the 
Sun and were subsequently transported outwards by rapid viscous 
spreading of the disk57–59. This earliest disk would have contained 
not only CAIs but also other, less refractory, dust particles56. Later 
infalling NC material was depleted in nuclides from neutron-rich 
stellar environments, and provided most of the mass of the inner 
disk59. The model assumes that the outer disk, which had formed by 
viscous spreading of early infalling material, extended beyond the 
radius at which the later infalling material is added (Fig. 5). In this 
case, a signature of the earliest disk would be preserved, in diluted 
form, as the composition of the CC reservoir, which is intermediate 
between those of early infalling (that is, CAI-like) and late-infalling  
(that is, NC-like) material. The strength of this model is that it 
readily accounts for the formation of CAIs close to the Sun, their 
subsequent outward transport and the isotopic link between CAIs 
and the CC reservoir by the same process, namely the rapid radial 
expansion of early-infalling material13. Finally, an origin of the  
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Fig. 4 | Accretion timescales of meteorite parent bodies as inferred from 
isotopic ages of meteorites. Accretion ages of iron meteorite, angrite 
and eucrite parent bodies are inferred from model ages for differentiation 
combined with thermal modelling for internal heating of the parent bodies 
by 26Al decay (see text). Accretion timescales for chondrite parent bodies 
are based on Al–Mg, Hf–W and Pb–Pb ages obtained for chondrules, and 
on the chronology of alteration products combined with thermal modelling 
(see text). Note that the horizontal bars reflect the uncertainty of the 
accretion age estimates, and not the duration of accretion.

NC CC

a  Early infall (t = 0 Myr)

c  After infall (t < 1 Myr)

d  Gap formation (t ~ 2–5 Myr)

b  Late infall 

Outward transport of CAIs
and initial disk formation by outflow
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Fig. 5 | Evolution of the solar accretion disk. a, Rapid expansion of early 
infalling material by viscous spreading produces an initial disk, whose 
isotopic composition may be recorded in CAIs. b, Later infalling material 
was probably more depleted in neutron-rich isotopes (that is, NC-like). 
Mixing within the disk probably reduced the initial isotopic difference 
between solids from the inner and outer disk. c, The subsequent rapid 
formation of Jupiter’s core probably prevented exchange and mixing of 
disk materials, thereby maintaining an isotopic difference between the 
NC and CC reservoirs. d, Finally, the further growth of Jupiter resulted in 
the formation of a gap within the disk. This coincided with scattering of 
CC bodies from the outer disk into the main asteroid belt66, either through 
Jupiter’s growth on a fixed orbit and/or by inward migration of Jupiter67. 
Figure adapted with permission from ref. 13, Elsevier.

NATURE ASTRONOMY | VOL 4 | JANUARY 2020 | 32–40 | www.nature.com/natureastronomy36

Modified after Kruijer+(2020) Nat.Astron

NCグループは内側太陽系、CCグループは外側太陽系で形成

Gap?

Outer solar systemInner solar system
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J.M. Schneider, C. Burkhardt, Y. Marrocchi et al. Earth and Planetary Science Letters 551 (2020) 116585

Fig. 4. !17O, ε50Ti, and ε54Cr of individual chondrules in comparison to bulk NC and CC meteorites (a-c) and CAIs/AOAs (d-f). The NC (red) and CC (blue) fields represent 
the range of anomalies measured for bulk meteorites from the NC and CC reservoir, respectively. The NC and CC fields as well as representative CAI isotopic compositions 
are based on data compiled in Burkhardt et al. (2019). Bulk chondrite data points (open symbols) are only shown for samples from which individual chondrules (filled 
symbols) were analyzed in this study. (a)-(c) NC chondrules display relatively homogeneous !17O, ε50Ti, and ε54Cr, which are indistinguishable from the compositions of 
their respective host chondrites, while CC chondrules have more variable ε50Ti, ε54Cr, and !17O. Note that although the compositions of CC and NC chondrules may overlap 
for either ε50Ti, ε54Cr, or !17O, in multi-isotope space no CC chondrule plots within the NC field, and no NC chondrule plots within the CC field. Also note that most 
CC meteorites are affected by aqueous alteration which may modify their pristine !17O through the interaction with 16O poor water(-ice) (Piralla et al., 2020). Alteration 
corrected !17O values for bulk carbonaceous chondrites would thus plot at slightly lower !17O. (d)-(f) The composition of all chondrules can be reproduced by mixing 
between an NC component with chondritic Cr/Ti/O ratios and an isotopically CAI/AOA-like component (IC) having more variable Cr/Ti/O ratios. Crosses on mixing lines 
indicate 20% steps of IC component in NC-IC mixture. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

cesses but no ε50Ti anomalies, indicating that the ε54Cr excesses 
are unrelated to the addition of CAIs. These observations rule out 
CAI admixture as a significant driver for ε54Cr variations among 
chondrules, and show that the 50Ti and 54Cr anomalies are carried 
by distinct materials.

Amoeboid olivine aggregates (AOAs) are another component 
that is abundant in carbonaceous chondrites and may be respon-
sible for the ε54Cr variations among chondrules. Of note, AOAs 
are characterized by similar ε54Cr and ε50Ti excesses than CAIs 

(Trinquier et al., 2009), but can have much higher Cr/Ti (Komatsu 
et al., 2001; Sugiura et al., 2009), reflecting their less refractory 
character compared to CAIs. Moreover, there is growing evidence 
that CC chondrules inherited primitive 16O-rich precursors includ-
ing not only CAIs but also AOA-like relict silicate grains, suggesting 
admixture of non-CAI but isotopically anomalous material to chon-
drule precursors (Kita et al., 2010; Marrocchi et al., 2019, 2018a). 
This is also consistent with the observation that samples of this 
study include chondrules containing relict olivine grains with neg-

7

コンドルールの同位体異常

NCグループとCCグループ間で異なる同位体組成を示す
※ 例外あり (Williams+2020 PNAS; Fukuda+2024 MAPS)

J.M. Schneider, C. Burkhardt, Y. Marrocchi et al. Earth and Planetary Science Letters 551 (2020) 116585

Fig. 4. !17O, ε50Ti, and ε54Cr of individual chondrules in comparison to bulk NC and CC meteorites (a-c) and CAIs/AOAs (d-f). The NC (red) and CC (blue) fields represent 
the range of anomalies measured for bulk meteorites from the NC and CC reservoir, respectively. The NC and CC fields as well as representative CAI isotopic compositions 
are based on data compiled in Burkhardt et al. (2019). Bulk chondrite data points (open symbols) are only shown for samples from which individual chondrules (filled 
symbols) were analyzed in this study. (a)-(c) NC chondrules display relatively homogeneous !17O, ε50Ti, and ε54Cr, which are indistinguishable from the compositions of 
their respective host chondrites, while CC chondrules have more variable ε50Ti, ε54Cr, and !17O. Note that although the compositions of CC and NC chondrules may overlap 
for either ε50Ti, ε54Cr, or !17O, in multi-isotope space no CC chondrule plots within the NC field, and no NC chondrule plots within the CC field. Also note that most 
CC meteorites are affected by aqueous alteration which may modify their pristine !17O through the interaction with 16O poor water(-ice) (Piralla et al., 2020). Alteration 
corrected !17O values for bulk carbonaceous chondrites would thus plot at slightly lower !17O. (d)-(f) The composition of all chondrules can be reproduced by mixing 
between an NC component with chondritic Cr/Ti/O ratios and an isotopically CAI/AOA-like component (IC) having more variable Cr/Ti/O ratios. Crosses on mixing lines 
indicate 20% steps of IC component in NC-IC mixture. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

cesses but no ε50Ti anomalies, indicating that the ε54Cr excesses 
are unrelated to the addition of CAIs. These observations rule out 
CAI admixture as a significant driver for ε54Cr variations among 
chondrules, and show that the 50Ti and 54Cr anomalies are carried 
by distinct materials.

Amoeboid olivine aggregates (AOAs) are another component 
that is abundant in carbonaceous chondrites and may be respon-
sible for the ε54Cr variations among chondrules. Of note, AOAs 
are characterized by similar ε54Cr and ε50Ti excesses than CAIs 

(Trinquier et al., 2009), but can have much higher Cr/Ti (Komatsu 
et al., 2001; Sugiura et al., 2009), reflecting their less refractory 
character compared to CAIs. Moreover, there is growing evidence 
that CC chondrules inherited primitive 16O-rich precursors includ-
ing not only CAIs but also AOA-like relict silicate grains, suggesting 
admixture of non-CAI but isotopically anomalous material to chon-
drule precursors (Kita et al., 2010; Marrocchi et al., 2019, 2018a). 
This is also consistent with the observation that samples of this 
study include chondrules containing relict olivine grains with neg-

7

Gerber+(2017) ApJL

● Ti同位体も同様の傾向

Schneider+(2020) EPSL
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Fig. 4. !17O, ε50Ti, and ε54Cr of individual chondrules in comparison to bulk NC and CC meteorites (a-c) and CAIs/AOAs (d-f). The NC (red) and CC (blue) fields represent 
the range of anomalies measured for bulk meteorites from the NC and CC reservoir, respectively. The NC and CC fields as well as representative CAI isotopic compositions 
are based on data compiled in Burkhardt et al. (2019). Bulk chondrite data points (open symbols) are only shown for samples from which individual chondrules (filled 
symbols) were analyzed in this study. (a)-(c) NC chondrules display relatively homogeneous !17O, ε50Ti, and ε54Cr, which are indistinguishable from the compositions of 
their respective host chondrites, while CC chondrules have more variable ε50Ti, ε54Cr, and !17O. Note that although the compositions of CC and NC chondrules may overlap 
for either ε50Ti, ε54Cr, or !17O, in multi-isotope space no CC chondrule plots within the NC field, and no NC chondrule plots within the CC field. Also note that most 
CC meteorites are affected by aqueous alteration which may modify their pristine !17O through the interaction with 16O poor water(-ice) (Piralla et al., 2020). Alteration 
corrected !17O values for bulk carbonaceous chondrites would thus plot at slightly lower !17O. (d)-(f) The composition of all chondrules can be reproduced by mixing 
between an NC component with chondritic Cr/Ti/O ratios and an isotopically CAI/AOA-like component (IC) having more variable Cr/Ti/O ratios. Crosses on mixing lines 
indicate 20% steps of IC component in NC-IC mixture. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

cesses but no ε50Ti anomalies, indicating that the ε54Cr excesses 
are unrelated to the addition of CAIs. These observations rule out 
CAI admixture as a significant driver for ε54Cr variations among 
chondrules, and show that the 50Ti and 54Cr anomalies are carried 
by distinct materials.

Amoeboid olivine aggregates (AOAs) are another component 
that is abundant in carbonaceous chondrites and may be respon-
sible for the ε54Cr variations among chondrules. Of note, AOAs 
are characterized by similar ε54Cr and ε50Ti excesses than CAIs 

(Trinquier et al., 2009), but can have much higher Cr/Ti (Komatsu 
et al., 2001; Sugiura et al., 2009), reflecting their less refractory 
character compared to CAIs. Moreover, there is growing evidence 
that CC chondrules inherited primitive 16O-rich precursors includ-
ing not only CAIs but also AOA-like relict silicate grains, suggesting 
admixture of non-CAI but isotopically anomalous material to chon-
drule precursors (Kita et al., 2010; Marrocchi et al., 2019, 2018a). 
This is also consistent with the observation that samples of this 
study include chondrules containing relict olivine grains with neg-
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Fig. 4. !17O, ε50Ti, and ε54Cr of individual chondrules in comparison to bulk NC and CC meteorites (a-c) and CAIs/AOAs (d-f). The NC (red) and CC (blue) fields represent 
the range of anomalies measured for bulk meteorites from the NC and CC reservoir, respectively. The NC and CC fields as well as representative CAI isotopic compositions 
are based on data compiled in Burkhardt et al. (2019). Bulk chondrite data points (open symbols) are only shown for samples from which individual chondrules (filled 
symbols) were analyzed in this study. (a)-(c) NC chondrules display relatively homogeneous !17O, ε50Ti, and ε54Cr, which are indistinguishable from the compositions of 
their respective host chondrites, while CC chondrules have more variable ε50Ti, ε54Cr, and !17O. Note that although the compositions of CC and NC chondrules may overlap 
for either ε50Ti, ε54Cr, or !17O, in multi-isotope space no CC chondrule plots within the NC field, and no NC chondrule plots within the CC field. Also note that most 
CC meteorites are affected by aqueous alteration which may modify their pristine !17O through the interaction with 16O poor water(-ice) (Piralla et al., 2020). Alteration 
corrected !17O values for bulk carbonaceous chondrites would thus plot at slightly lower !17O. (d)-(f) The composition of all chondrules can be reproduced by mixing 
between an NC component with chondritic Cr/Ti/O ratios and an isotopically CAI/AOA-like component (IC) having more variable Cr/Ti/O ratios. Crosses on mixing lines 
indicate 20% steps of IC component in NC-IC mixture. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

cesses but no ε50Ti anomalies, indicating that the ε54Cr excesses 
are unrelated to the addition of CAIs. These observations rule out 
CAI admixture as a significant driver for ε54Cr variations among 
chondrules, and show that the 50Ti and 54Cr anomalies are carried 
by distinct materials.

Amoeboid olivine aggregates (AOAs) are another component 
that is abundant in carbonaceous chondrites and may be respon-
sible for the ε54Cr variations among chondrules. Of note, AOAs 
are characterized by similar ε54Cr and ε50Ti excesses than CAIs 

(Trinquier et al., 2009), but can have much higher Cr/Ti (Komatsu 
et al., 2001; Sugiura et al., 2009), reflecting their less refractory 
character compared to CAIs. Moreover, there is growing evidence 
that CC chondrules inherited primitive 16O-rich precursors includ-
ing not only CAIs but also AOA-like relict silicate grains, suggesting 
admixture of non-CAI but isotopically anomalous material to chon-
drule precursors (Kita et al., 2010; Marrocchi et al., 2019, 2018a). 
This is also consistent with the observation that samples of this 
study include chondrules containing relict olivine grains with neg-

7

Schneider+(2020) EPSL

Gerber+(2017) ApJL; Schneider+(2020) EPSL
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CRコンドルールのΔ17O-Mg#は彗星粒子と類似

CRコンドルールや彗星粒子は主要なCCコンドルールよりも遠方で形成
e.g., Nakashima+(2012) EPSL; Zhang+(2024) GCA
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Fig. 1. Diagram expressing the systematics of meteorite classification and showing the major meteorite divisions, classes, clans, and groups and relationships among meteorite groups.
URE — ureilite, ACA — acapulcoite, LOD — lodranite, ANG — angrite, AUB — aubrite, BRA — brachinite, WIN — winonaite, HED — howardite-eucrite-diogenite, MES — mesosiderite,
MG PAL — main-group pallasite, ES PAL — Eagle Station pallasite, PP PAL — pyroxene pallasite, SHE — shergottite, NAK — nakhlite, CHA — chassignite, OPX — orthopyroxenite.
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コンドルールの形成領域: 安定同位体比からの示唆

W
eisberg et al.:

System
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Fig. 1. Diagram expressing the systematics of meteorite classification and showing the major meteorite divisions, classes, clans, and groups and relationships among meteorite groups.
URE — ureilite, ACA — acapulcoite, LOD — lodranite, ANG — angrite, AUB — aubrite, BRA — brachinite, WIN — winonaite, HED — howardite-eucrite-diogenite, MES — mesosiderite,
MG PAL — main-group pallasite, ES PAL — Eagle Station pallasite, PP PAL — pyroxene pallasite, SHE — shergottite, NAK — nakhlite, CHA — chassignite, OPX — orthopyroxenite.
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Outline

1. コンドルールの形成領域: 安定同位体比からの示唆

2. コンドルールの形成年代: Al-Mg年代からの制約

3. コンドルール形成と母天体集積の関連



26Al-26Mg年代測定法

26Al: 短寿命 & 太陽系の主要元素のひとつ → 応用範囲が広い
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Davis+(2022) Anu. Rev. Nucl. Par.

相対年代値の算出

q Ca-Al-rich Inclusion (CAI): 凝縮温度の
高い鉱物から成る

→ 星雲ガスからの初期凝縮物

q (26Al/27Al) の変動要因が放射壊変にのみ
依存するという前提が必要

→ CAI形成時点で原始太陽系円盤において
(26Al/27Al) が均一であったことを仮定

iron meteorites, and the NC (noncarbonaceous chondrites) group, which consists of ordinary
chondrites, most achondrites (stony, iron, and stony-iron), and the Earth, the Moon, and Mars. It
has been suggested that these two groups might have been separated by Jupiter’s orbit. The two
groups can be recognized by differences in oxygen, calcium, titanium, chromium, iron, nickel,
zirconium, molybdenum, ruthenium, and neodymium isotopes (22–24).

Isochron Diagrams
The former presence of an SLR is inferred from an isochron diagram (for an example, see
Figure 1) in which the isotope ratio of the daughter isotope normalized to a nonradiogenic
isotope of the same element is plotted against the ratio of a stable isotope of the element of
the short-lived isotope normalized to the same nonradiogenic daughter isotope. If the system is
well-behaved, a statistical fit to the data will yield a linear array termed an isochron. The slope
of the isochron gives the ratio of the SLR to a nonradioactive isotope of the same element at the
time of formation of the object. The intercept of the isochron gives the initial isotope ratio of
the daughter isotope normalized to a nonradiogenic isotope of the daughter element. The statisti-
cal fit to the isochron should take into account the uncertainties in both the x- and y-directions for
each data point, as well as any correlation between the uncertainties. A commonly used measure
of goodness-of-fit is the mean square weighted distribution (MSWD). An MSWD value outside
the range 1 ± 2σMSWD, where 2σMSWD =

√
2/(n− 2) and n is the number of data points, indicates

that there is scatter about the isochron beyond that expected from the analytical uncertainties
of the data points. Low MSWD values outside this range indicate that uncertainties have been

26Al/27Al = 5.2 × 10–5

Early Solar System value

26Al/27Al = (4.81 ± 0.11) × 10–5

MSWD = 0.72
CAI crystallization
∆T = 0.081 ± 0.023 Ma 

26Al/27Al = (4.65 ± 0.51) × 10–6

MSWD = 0.83
Chondrule crystallization
∆T = 2.50 ± 0.11 Ma 

 CAI bulk isochron
NWA 3118 CAI 1N-b
 CAI melilite
 CAI fassaite
 CAI spinel
 CAI internal isochron
Asuka 12236 chondrule A21
 Chondrule anorthite
 Chondrule pyroxene
 Chondrule internal isochron
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Figure 1
Examples of internal isochrons for the 26Al-26Mg system for CAI 1N-b from the CV chondrite NWA 3118 (150) and for chondrule
A21 from the CM2.9 chondrite Asuka 12236 (141). The slopes of the isochrons correspond to the 26Al/27Al atom ratios at the
time of crystallization of the two objects. The intercepts of the isochrons give the δ26Mg∗ values in parts per thousand (‰) of all
minerals in each object at the time of crystallization. The δ26Mg∗ then grows in proportion to the 27Al/24Mg atom ratio as 26Al decays
(T1/2 = 0.717 Ma), reaching the current measured values within a few million years. The crystallization times of the CAI and
chondrule are given relative to the initial 26Al/27Al ratio of the Solar System, which comes from bulk CAIs (44, 45) and was established
when refractory aluminum was fractionated from less-refractory magnesium by high-temperature processes in the solar nebula.
Abbreviation: CAI, calcium-, aluminum-rich inclusion.
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iron meteorites, and the NC (noncarbonaceous chondrites) group, which consists of ordinary
chondrites, most achondrites (stony, iron, and stony-iron), and the Earth, the Moon, and Mars. It
has been suggested that these two groups might have been separated by Jupiter’s orbit. The two
groups can be recognized by differences in oxygen, calcium, titanium, chromium, iron, nickel,
zirconium, molybdenum, ruthenium, and neodymium isotopes (22–24).

Isochron Diagrams
The former presence of an SLR is inferred from an isochron diagram (for an example, see
Figure 1) in which the isotope ratio of the daughter isotope normalized to a nonradiogenic
isotope of the same element is plotted against the ratio of a stable isotope of the element of
the short-lived isotope normalized to the same nonradiogenic daughter isotope. If the system is
well-behaved, a statistical fit to the data will yield a linear array termed an isochron. The slope
of the isochron gives the ratio of the SLR to a nonradioactive isotope of the same element at the
time of formation of the object. The intercept of the isochron gives the initial isotope ratio of
the daughter isotope normalized to a nonradiogenic isotope of the daughter element. The statisti-
cal fit to the isochron should take into account the uncertainties in both the x- and y-directions for
each data point, as well as any correlation between the uncertainties. A commonly used measure
of goodness-of-fit is the mean square weighted distribution (MSWD). An MSWD value outside
the range 1 ± 2σMSWD, where 2σMSWD =

√
2/(n− 2) and n is the number of data points, indicates

that there is scatter about the isochron beyond that expected from the analytical uncertainties
of the data points. Low MSWD values outside this range indicate that uncertainties have been

26Al/27Al = 5.2 × 10–5

Early Solar System value

26Al/27Al = (4.81 ± 0.11) × 10–5

MSWD = 0.72
CAI crystallization
∆T = 0.081 ± 0.023 Ma 

26Al/27Al = (4.65 ± 0.51) × 10–6

MSWD = 0.83
Chondrule crystallization
∆T = 2.50 ± 0.11 Ma 
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Figure 1
Examples of internal isochrons for the 26Al-26Mg system for CAI 1N-b from the CV chondrite NWA 3118 (150) and for chondrule
A21 from the CM2.9 chondrite Asuka 12236 (141). The slopes of the isochrons correspond to the 26Al/27Al atom ratios at the
time of crystallization of the two objects. The intercepts of the isochrons give the δ26Mg∗ values in parts per thousand (‰) of all
minerals in each object at the time of crystallization. The δ26Mg∗ then grows in proportion to the 27Al/24Mg atom ratio as 26Al decays
(T1/2 = 0.717 Ma), reaching the current measured values within a few million years. The crystallization times of the CAI and
chondrule are given relative to the initial 26Al/27Al ratio of the Solar System, which comes from bulk CAIs (44, 45) and was established
when refractory aluminum was fractionated from less-refractory magnesium by high-temperature processes in the solar nebula.
Abbreviation: CAI, calcium-, aluminum-rich inclusion.
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※ 議論中 (e.g., Desch+2023 Icarus; Iizuka+2025 ApJL)
Bu

lk 
CA

Is

Si
ng

le 
CA

I

Single chondrule

※ 凝縮後溶融したものもある
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A75

A184

5mm

Mg Ca Al

A184: CAI形成後～255 ± 15 万年
A75: CAI形成後～192 ± 9 万年

Asuka 12236 (CM2.9)

>40万年の年代差を示すコンドルールが同一隕石母天体に集積

コンドルールの26Al-26Mg年代測定例
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2.29 !0.25/+0.32 Ma) (Fig. 10). We hypothesize that the sys-
tematic difference between the two datasets is due to an
inaccuracy of the Al-Mg data acquired by Kurahashi
et al. (2008), related to instrument operation that employed
a single EM in pulse counting mode. Data for the four
chondrules obtained by Kurahashi et al. (2008) have
27Al/24Mg ratios that are similar to our new data, but their
d26Mg* values are systematically higher by "0.5‰, corre-
sponding to higher (26Al/27Al)0 values for their isochron
regression lines. We suspect that the higher d26Mg* values
from Kurahashi et al. (2008) could be due to an inaccurate
correction of the SIMS instrumental bias on d26Mg*. As
clearly seen in Mg isotope analyses of pyroxene standards
(Supplementary Fig. S2), the raw measured d26Mg* values
of terrestrial standards are not always zero within uncer-
tainties, meaning that we need to evaluate the potential
instrumental bias on d26Mg* for matrix-matched standards
and correct it for unknown analyses. In fact, previous SIMS
studies have shown there can be slight negative biases on
raw measured d26Mg* values of plagioclase standard anal-
yses (e.g., !0.41 ± 0.25‰ (2SE) and !1.47 ± 0.26‰ (2SD)
for the mono-collection EM analyses in Tenner et al., 2019
and Kita et al., 2012, respectively). Whereas Kita et al.
(2012) and Tenner et al. (2019) analyzed standards multiple
times during sessions and corrected for these offsets to accu-
rately determine the unknown d26Mg* values, Kurahashi
et al. (2008) did not. In turn, this lack of correction could
have led to systematically higher d26Mg* values from
Kurahashi et al. (2008), relative to the values determined
here. In this study, repeated analyses of matrix-matched
plagioclase standards were deployed to ensure the accuracy
of Mg isotope ratios (Siron et al., 2021a), and the deter-
mined offset was corrected by the standard bracketing pro-
cedure. Thus, we conclude that the Al-Mg ages reported in
Kurahashi et al. (2008) are systematically biased towards
older ages. For the following discussion, we therefore only
consider Al-Mg ages of the reanalyzed four chondrules.
Overall, we find that Al-Mg ages of the ten CO chondrules
(6 from DOM 08006 and 4 from Y-81020) range from "2.2
to 2.7 Ma after CAIs, and none of our analyzed CO chon-
drules are older than 2.2 Ma after CAIs.

4.6. Time and duration of chondrule formation: Constraints
from high precision Al-Mg chronology

Our high precision Al-Mg analyses reveal a short dura-
tion of CO type I chondrule formation ("2.2–2.7 Ma after
CAIs; Fig. 11a). Furthermore, CM chondrules, except for
the chondrule A75, show a similar range of Al-Mg ages
("2.4–2.8 Ma after CAIs; Fig. 11a) and have similar chem-
ical properties (Mg# > 98.5 and plagioclase chemistry) as
well as oxygen isotope ratios (Fig. 7), suggesting that CO
and CM chondrules formed in similar environments
(Schrader and Davidson, 2017; Chaumard et al., 2018) at
a similar time ("2.2–2.8 Ma after CAIs). Importantly, the
formation times of CO and CM chondrules are indistin-
guishable from those of the majority of CV and Acfer
094 chondrules (Fig. 11a).

Chondrule A75 that contains 16O-depleted relict olivine
grains has an exceptionally old Al-Mg age (1.92 ± 0.09

Fig. 11. (a) Compilation of the (26Al/27Al)0 and corresponding Al-Mg
ages of chondrules from the least altered chondrites (petrologic subtype
2.9–3.1) determined by recent high precision SIMS analyses. Data
from; UOC ([1–2] Siron et al., 2021a, 2021b), CO (this study), CM (this
study), Acfer 094 ([3] Ushikubo et al., 2013; [4] Hertwig et al., 2019a),
CV ([5] Nagashima et al., 2017), CR ([6] Nagashima et al., 2014; [7]
Schrader et al., 2017; [8] Tenner et al., 2019). A grey shaded area
represents a range of (26Al/27Al)0 of UOC chondrules (L/LL # 3.1)
reported in previous studies (Siron et al., 2021a, 2021b; Hutcheon and
Hutchison, 1989, Kita et al, 2000; Rudraswami and Goswami 2007;
Rudraswami et al., 2008; Villeneuve et al., 2009; Mishra et al., 2010;
Pape et al., 2019; Bollard et al., 2019). Three chondrules (A75, G39,
G85) exhibit relatively 16O-depleted oxygen isotope characteristics,
which might have formed inside the disk region relative to where the
majority of CC chondrules formed (see Sections 4.3 and 4.6). (b) The
Kernel density estimates of (26Al/27Al)0 for chondrules fromUOCs [red
for Siron et al. (2021a, 2021b) (n = 31) and grey for all literature data
(n = 102)], CRs (gold; n = 33), and other carbonaceous chondrites
(CV, CO, CM, and Acfer 094; blue; n = 37). The three 16O-depleted
chondrules (A75, G39, G85) are not included in this plot. Data sources
are the same as those listed for Fig. 11a. (26Al/27Al)0 of three UOC
chondrules (‘‘n = 3”) exceeds the upper bound (1.2 $ 10!5) of the
plotted range, although two out of the three are not resolvable from
1 $ 10!5. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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コンドルールの形成は内側太陽系から
外側太陽系へと遷移した
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隕石グループ毎のコンドルールAl-Mg年代

Data sources: [1] Siron+(2021) GCA, [2] Siron+ (2022) GCA, [3] Ushikubo+(2013) GCA, [4] Hertwig+(2019) GCA, [5] Nagashima+(2017) GCA, [6] Nagashima+ (2014) GeocJ, [7] Schrader+(2017) GCA, 
[8] Tenner+(2019) GCA [9] Fukuda+(2022) GCA, [10] Zhang+(2024) ApJ

(9)
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原始太陽系円盤における26Alの分布

q 同一物質の絶対年代（U-Pb）と
Al-Mg年代間の不一致

e.g., Bollard+(2019) GCA; Connelly+(2023) ApJL

q (26Al/27Al)0と同位体異常が相関

ε46Ti indicates a nearby ∼25Mʘ CCSN origin for a majority of
26Al. The enrichment of CCSN ejecta in the outer disk is further
supported by recent evidence for the heterogeneity of radio-
nuclides 92Nb (Y. Hibiya et al. 2023) and 40K (N. X. Nie et al.
2023).

3. Calibrating the 26Al Clock for Early Solar System Events

The Al–Ti isotope correlation enables us to calibrate the 26Al
clock for dating early solar system events. Using the
nonuniformly distributed 26Al as an early solar system
chronometer requires independent estimates of the variable
(26Al/27Al)0 for the source regions of objects used for dating.
Given the (26Al/27Al)0–ε

50Ti regression line defined by the
time anchors (Figure 2(b)), we can estimate appropriate
(26Al/27Al)0 values for the objects from their ε50Ti. For
instance, noncumulate eucrites, which are considered to
represent the basaltic crust of asteroid Vesta, define a whole-
rock Al–Mg isochron with an (26Al/27Al)I of (4.19 ±
3.07) × 10–6 (G. Hublet et al. 2017), corresponding to an
age of 2.66 +1.39/–0.58Myr after CAI formation under the
assumption of the canonical (26Al/27Al)0 value ((5.25 ±
0.02) × 10–5; K. K. Larsen et al. 2011). The calibration using
the measured ε50Ti of –1.25 ± 0.07 (Supporting Data) yields
an (26Al/27Al)0 value of (1.20 ± 0.20) × 10–5 for eucrites,
which is identical to the values defined by the angrite time
anchors (M. Schiller et al. 2015) as the result of their Ti isotope
similarity (Figure 2(a)). This (26Al/27Al)0 value is also
indistinguishable from the value of (1.6 ± 0.3) × 10–5

estimated for the howardite–eucrite–diogenite parent body
from the ε54Cr–μ26Mg* relation (M. Schiller et al. 2011). The
calibrated 26Al clock revises the eucrite age to 1.11 +1.47/–
0.59Myr, rendering Vesta’s crust one of the oldest known
basaltic crusts in the solar system.
The application of the 26Al clock calibration can be extended

to studies of the thermal evolution and accretion timescales of
asteroids. Because 26Al was an important heat source in the
early solar system, its variable initial abundance controls the
amount of available heat within asteroids at a given early time.
Conversely, the initial 26Al abundance determines the plausible
time window for the asteroid accretion to generate internal heat
for driving the magmatism or metamorphism recorded in
meteorites (P. J. Hevey & I. S. Sanders 2006). Based on the
finding that basaltic angrites define a (26Al/27Al)0 value 4 times
lower than the canonical CAI value (Figures 1 and 2(b)),
M. Schiller et al. (2015) showed that the parent body must be
accreted within 0.25Myr after CAI formation so as to allow for
large-scale melting, which is 1.4 Myr earlier than the previous
estimate. Similar early accretion ages have been inferred for
(partially) differentiated asteroids in the inner protosolar disk,
assuming either that 26Mg deficits in bulk noncarbonaceous
meteorites reflect a reduced (26Al/27Al)0 of ∼1.6 × 10–5

throughout the inner disk (K. K. Larsen et al. 2016) or that the
asteroids are represented by the ordinary chondrite chondrules
defining an (26Al/27Al)0 value of (1.4 ± 0.7) × 10–5 (J. Bollard
et al. 2019). Furthermore, a delayed accretion at 0.3–1.0 Myr
after CAI formation has been proposed for a partially
differentiated asteroid in the outer disk using the (26Al/27Al)0
range of 2.7–5.25 × 10–5, which was derived from the
assumption that the outer disk is a mixture of the inner disk and
>10 wt% CAIs (K. K. Larsen et al. 2016). In contrast, our
calibration method enables a precise estimate of (26Al/27Al)0
for individual meteorites with known Ti isotope compositions.
This is significant especially for chondrites because their bulk
(26Al/27Al)0 cannot be directly determined, as they consist of
components with different origins and ages.
The accretion timing of the ordinary and carbonaceous

chondrite parent bodies has been estimated to be ∼1.8 and
2.1–3.9 Myr after CAI formation to account for the ages and

Figure 2. Titanium isotopes as a proxy for the nucleosynthetic heterogeneity.
(a) ε46Ti–ε50Ti variation diagram for solar system objects. Mixing trends
between the angrite source reservoir and five potential stellar Ti sources are
shown for comparison: postexplosion compositions of Type Ia supernovae
(K. Maeda et al. 2010) and 15 Mʘ CCSNe (T. Rauscher et al. 2002), an AGB s-
process component (U. Battino et al. 2019), and weak s-process components in
the He-burning core (L. S. The et al. 2000) and C-burning shell (M. Pignatari
et al. 2010) in massive stars. The ticks on the mixing line with the C-shell
component denote the dilution factor Δd of the ejecta at 10–4 intervals. The Ti
isotope data are listed in Supporting Data. (b) (26Al/27Al)0 vs. ε50Ti for the
meteoritic samples. The (26Al/27Al)0 values were obtained by projecting
(26Al/27Al)I of the individual meteorites onto the time of CAI formation at
4567.30 Ma using their Pb–Pb ages and the decay rate of 26Al (Table A1).
Solid and dashed lines represent the regression and 95% confidence intervals of
the data, respectively.
(The data used to create this figure are available in the online article.)

3

The Astrophysical Journal Letters, 979:L29 (10pp), 2025 February 1 Iizuka et al.

Iizuka+(2025) ApJL

→ (26Al/27Al)0と同位体異常の同時決定
に基づいた年代補正

Iizuka+(2025) ApJL

※縦軸はCAI形成時の値 
(26Al/27Al)0,CAIとして逆算
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2.29 !0.25/+0.32 Ma) (Fig. 10). We hypothesize that the sys-
tematic difference between the two datasets is due to an
inaccuracy of the Al-Mg data acquired by Kurahashi
et al. (2008), related to instrument operation that employed
a single EM in pulse counting mode. Data for the four
chondrules obtained by Kurahashi et al. (2008) have
27Al/24Mg ratios that are similar to our new data, but their
d26Mg* values are systematically higher by "0.5‰, corre-
sponding to higher (26Al/27Al)0 values for their isochron
regression lines. We suspect that the higher d26Mg* values
from Kurahashi et al. (2008) could be due to an inaccurate
correction of the SIMS instrumental bias on d26Mg*. As
clearly seen in Mg isotope analyses of pyroxene standards
(Supplementary Fig. S2), the raw measured d26Mg* values
of terrestrial standards are not always zero within uncer-
tainties, meaning that we need to evaluate the potential
instrumental bias on d26Mg* for matrix-matched standards
and correct it for unknown analyses. In fact, previous SIMS
studies have shown there can be slight negative biases on
raw measured d26Mg* values of plagioclase standard anal-
yses (e.g., !0.41 ± 0.25‰ (2SE) and !1.47 ± 0.26‰ (2SD)
for the mono-collection EM analyses in Tenner et al., 2019
and Kita et al., 2012, respectively). Whereas Kita et al.
(2012) and Tenner et al. (2019) analyzed standards multiple
times during sessions and corrected for these offsets to accu-
rately determine the unknown d26Mg* values, Kurahashi
et al. (2008) did not. In turn, this lack of correction could
have led to systematically higher d26Mg* values from
Kurahashi et al. (2008), relative to the values determined
here. In this study, repeated analyses of matrix-matched
plagioclase standards were deployed to ensure the accuracy
of Mg isotope ratios (Siron et al., 2021a), and the deter-
mined offset was corrected by the standard bracketing pro-
cedure. Thus, we conclude that the Al-Mg ages reported in
Kurahashi et al. (2008) are systematically biased towards
older ages. For the following discussion, we therefore only
consider Al-Mg ages of the reanalyzed four chondrules.
Overall, we find that Al-Mg ages of the ten CO chondrules
(6 from DOM 08006 and 4 from Y-81020) range from "2.2
to 2.7 Ma after CAIs, and none of our analyzed CO chon-
drules are older than 2.2 Ma after CAIs.

4.6. Time and duration of chondrule formation: Constraints
from high precision Al-Mg chronology

Our high precision Al-Mg analyses reveal a short dura-
tion of CO type I chondrule formation ("2.2–2.7 Ma after
CAIs; Fig. 11a). Furthermore, CM chondrules, except for
the chondrule A75, show a similar range of Al-Mg ages
("2.4–2.8 Ma after CAIs; Fig. 11a) and have similar chem-
ical properties (Mg# > 98.5 and plagioclase chemistry) as
well as oxygen isotope ratios (Fig. 7), suggesting that CO
and CM chondrules formed in similar environments
(Schrader and Davidson, 2017; Chaumard et al., 2018) at
a similar time ("2.2–2.8 Ma after CAIs). Importantly, the
formation times of CO and CM chondrules are indistin-
guishable from those of the majority of CV and Acfer
094 chondrules (Fig. 11a).

Chondrule A75 that contains 16O-depleted relict olivine
grains has an exceptionally old Al-Mg age (1.92 ± 0.09

Fig. 11. (a) Compilation of the (26Al/27Al)0 and corresponding Al-Mg
ages of chondrules from the least altered chondrites (petrologic subtype
2.9–3.1) determined by recent high precision SIMS analyses. Data
from; UOC ([1–2] Siron et al., 2021a, 2021b), CO (this study), CM (this
study), Acfer 094 ([3] Ushikubo et al., 2013; [4] Hertwig et al., 2019a),
CV ([5] Nagashima et al., 2017), CR ([6] Nagashima et al., 2014; [7]
Schrader et al., 2017; [8] Tenner et al., 2019). A grey shaded area
represents a range of (26Al/27Al)0 of UOC chondrules (L/LL # 3.1)
reported in previous studies (Siron et al., 2021a, 2021b; Hutcheon and
Hutchison, 1989, Kita et al, 2000; Rudraswami and Goswami 2007;
Rudraswami et al., 2008; Villeneuve et al., 2009; Mishra et al., 2010;
Pape et al., 2019; Bollard et al., 2019). Three chondrules (A75, G39,
G85) exhibit relatively 16O-depleted oxygen isotope characteristics,
which might have formed inside the disk region relative to where the
majority of CC chondrules formed (see Sections 4.3 and 4.6). (b) The
Kernel density estimates of (26Al/27Al)0 for chondrules fromUOCs [red
for Siron et al. (2021a, 2021b) (n = 31) and grey for all literature data
(n = 102)], CRs (gold; n = 33), and other carbonaceous chondrites
(CV, CO, CM, and Acfer 094; blue; n = 37). The three 16O-depleted
chondrules (A75, G39, G85) are not included in this plot. Data sources
are the same as those listed for Fig. 11a. (26Al/27Al)0 of three UOC
chondrules (‘‘n = 3”) exceeds the upper bound (1.2 $ 10!5) of the
plotted range, although two out of the three are not resolvable from
1 $ 10!5. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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OC Major CCs

Comet [10]

(9)

(preliminary) Ti同位体を用いたAl-Mg年代の補正
OC Major CCs CR + Comets

均一モデル 2.0 Myr 2.4 Myr ~3.6 Myr
不均一モデル※ 0.6 Myr 1.8 Myr 3.0 Myr

※補正式

※コンドルールのTi同位体比が母岩隕石と
同一とし、CAI形成時の (26Al/27Al)0 を計算

Iizuka+(2025) ApJL
(26Al/27Al)0 x 105 = 0.37 x ε50Ti + 1.66

Data sources: [1] Siron+(2021) GCA, [2] Siron+ (2022) GCA, [3] Ushikubo+(2013) GCA, [4] Hertwig+(2019) GCA, [5] Nagashima+(2017) GCA, [6] Nagashima+ (2014) GeocJ, [7] Schrader+(2017) GCA, 
[8] Tenner+(2019) GCA [9] Fukuda+(2022) GCA, [10] Zhang+(2024) ApJ

(9)
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q CAIの絶対年代のバリエーションや
コンドルールのPb-Pbデータの解釈に
よって結論 (均一 or 不均一) が異なる
ので注意 See Desch+(2023a, 2023b) Icarus



Outline

1. コンドルールの形成領域: 安定同位体比からの示唆

2. コンドルールの形成年代: Al-Mg年代からの制約

3. コンドルール形成と母天体集積の関連
・コンドルール形成から母天体集積までのタイムスケール
・円盤外側方向のダスト輸送
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q 若いコンドルールの年代は集積年代と一致

→ コンドルール形成後の早期母天体集積を示唆 [7]
(200-225万年 [5,6])

q 熱変成度の極めて低い始原的な隕石中コンドルール
の斜長石を分析 (CAI形成後180-220万年) [3,4]

→ 短期的コンドルール形成 (40万年)

q 熱変成に敏感なガラスを含めた分析
 (CAI形成後120-300万年) [1,2]

→ 180万年間の継続的コンドルール形成
母天体形成よりも遅いコンドルール形成？

OCコンドルールの形成年代と母天体集積年代
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CM・COコンドルールの形成年代と母天体集積年代
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References: [1] Fukuda+(2024).Metsoc Abst [2] Fukuda+(2022).GCA [3] 
Kita+(2019).LPSC
[4] Fujiya+(2012).NatComn [5] Fujiya+(2022).ApJL [6] Sugiura & Fujiya (2014).MAPS 
[7] Doyle+(2015).NatComn

Errors are 2σ

q Type I (Mg#>90)とtype II (Mg#<90)の年代は重複

→ 還元的 (IW −3.5)、酸化的 (IW −2 ~ −1) 環境が共存 
Ushikubo+(2012) GCA

q Type I (Mg#>90)形成が先行
→ 還元的環境がより長期間存在

Fukuda+(2024) Metsoc Abstract

q 若いコンドルールの年代は集積年代と重複
(250-350万年 [4-7])

→ Type IIコンドルール形成後の早期母天体集積
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2.4. Isochron regression

Isochron regressions were performed using the ‘‘Model
1” fit of the Isoplot 4.15 macro collection (Ludwig, 2008).
However, if the ‘‘Probability of Fit” was below 5%, the
‘‘Robust regression” algorithm was chosen instead. The
‘‘Probability of Fit” represents the likelihood that the esti-
mated scatter of points from a line (as expected from the

analytical uncertainties) exceeds the amount of actually
observed scatter of the data points (Ludwig, 2008). Since

the uncertainty in the ð 27Al= 24MgÞEPMA
True is a systematic

source of error that applies to all analyses and doesn’t con-
tribute to the scatter from an isochron, regressions were
made ignoring the 6% or 10% uncertainty in the 27Al/24Mg
ratios. Uncertainties in initial 26Al/27Al ratios and initial
d26Mg*0 are 95%-confidence intervals. Data used for

Fig. 2. Backscattered electron images of type II chondrules analyzed for their 26Al-26Mg systematics. (a) Large olivine phenocrysts in G9
(IIA) shows oscillatory zoning. (b) G10 (IIA) contains few mesostasis and possesses small, forsteritic olivine relict grains. (c) Slightly zoned
olivine phenocrysts and large plagioclase in mesostasis of G61 (IIA). (d) G63 mainly comprises glassy mesostasis and only limited amount of
plagioclase. (e) G85 (IIB) shows high-Ca pyroxene overgrowths on low-Ca pyroxene. (f) Large olivine phenocrysts and plagioclase in G86. (g)
Small chondrule (G108) with abundant plagioclase. The images show sample surface before oxygen and magnesium isotope analysis of this
study. Pre-existing SIMS pits are results of previous studies (Ushikubo et al., 2012, 2013). Scale bar in images is 100 mm; for (e): 200 lm.
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isochron regression and information about which regres-
sion model was used can be found in the Appendix EA 6.

3. RESULTS

We obtained oxygen isotope ratios for 9 type II chon-
drules from the Acfer 094 USNM 7233-6 thin section,
including three chondrules that were chosen for Al-Mg iso-
tope analyses. Ushikubo et al. (2012) previously reported
the oxygen isotope ratios of 12 FeO-rich chondrules from
the same section, of which four chondrules were chosen
for Al-Mg isotope analyses in this work. The seven chon-

drules analyzed for Al-Mg systematics were chosen on the
basis of the presence of plagioclase grains larger than
5 mm in size.

The data obtained during this study are documented and
presented in detail in the following way: the mineral compo-
sitions of plagioclase are given in Appendix EA 1; Appen-
dix EA 3 contains the oxygen-three isotope data set;
Appendix EA 4 oxygen three-isotope diagrams for each
of the 9 analyzed chondrules; Appendix EA 5 documents
the positions of the SIMS measurements; The magnesium
isotope data set and isochron calculations are provided in
Appendix EA 6; documentation for the magnesium isotope

Fig. 4. Oxygen isotope ratios of individual olivine analyses and the mean values for chondrules in Acfer 094. (a) Graph showing mean
chondrule D17O values (stars) and D17O values of individual olivine analyses determined in this study. Some chondrules contain 16O-rich relict
olivines. Except for G99, a mean chondrule D17O value was calculated based on three or more isotopically indistinguishable analyses. The
homogeneity criterion is illustrated by an error envelope in ±0.6‰ distance from chondrule means. Error bars of individual analyses are the
external reproducibilities (2SD) of the respective San Carlos olivine standard brackets. (b) Oxygen three-isotope diagram showing the mean
values of chondrules from Acfer 094 including data from this study and [1] Ushikubo et al. (2012). The calculation scheme for uncertainties
(2SE) is provided in Appendix EA 2. G39 and G85 plot above PCM (Ushikubo et al., 2012) and on TF line. CCAM line: Clayton et al. (1977).

Table 2
Mean chondrule Mg#s and oxygen isotope ratios of FeO-rich chondrules in Acfer 094.

Chondrule N Mg#1 d18O [‰] d17O [‰] D17O [‰] Ref.

Mean Unc.2 Mean Unc.2 Mean Unc.2

G9 8 52 (–19/+14) 1.76 ±0.56 !1.22 ±0.42 !2.14 ±0.24 [1]
G10 3 65 (!4/+3) !0.03 ±1.20 !2.79 ±1.05 !2.78 ±0.53 [2]
G25 7 69 (!5/+10) !1.48 ±0.45 !4.39 ±0.32 !3.62 ±0.23 [1]
G36 7 52 (!2/+2) 2.16 ±0.32 !1.07 ±0.27 !2.19 ±0.19 [1]
G61 6 69 (!8/+4) 1.27 ±0.39 !1.67 ±0.29 !2.33 ±0.19 [1]
G63 3 66 (!9/+5) - Not calculated - !2.54 ±0.50 [2]
G85 5 87 (!3/+2) 2.70 ±0.39 1.46 ±0.22 0.06 ±0.25 [2]
G86 3 63 (!1/+1) 1.63 ±0.36 !1.49 ±0.73 !2.34 ±0.61 [2]
G88 7 69 (!5/+7) 1.78 ±0.45 !2.01 ±0.45 !2.93 ±0.28 [1]
G99 5 62 (!5/+6) - Not calculated - [1]
G108 3 54 (!1/+1) 2.43 ±0.47 !0.93 ±0.27 !2.19 ±0.22 [1]
G110 4 57 (!3/+3) 2.30 ±0.58 !0.87 ±0.61 !2.07 ±0.34 [1]
G120 6 71 (!14/+16) 1.38 ±0.84 !1.69 ±0.64 !2.40 ±0.29 [1]

1 Only Mg#s of those olivine grains used to calculate the mean chondrule isotope ratios; values in parenthesis show range.
2 Calculations of uncertainties are reported in EA 2. Data from [1] this study and [2] Ushikubo et al. (2012).

A.T. Hertwig et al. /Geochimica et Cosmochimica Acta 253 (2019) 111–126 117

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. 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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Data sources:
[5] Hertwig+(2019) GCA [10] Ushikubo+(2012) GCA

NC-like Mg#-Δ17O (G85)

OCコンドルールの外側方向への輸送？
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CC隕石に見つかった古い年代を示すコンドルール
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NCレリクト物質を含むCCコンドルール
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コンドルールの形成・輸送・集積
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2.4. Isochron regression

Isochron regressions were performed using the ‘‘Model
1” fit of the Isoplot 4.15 macro collection (Ludwig, 2008).
However, if the ‘‘Probability of Fit” was below 5%, the
‘‘Robust regression” algorithm was chosen instead. The
‘‘Probability of Fit” represents the likelihood that the esti-
mated scatter of points from a line (as expected from the

analytical uncertainties) exceeds the amount of actually
observed scatter of the data points (Ludwig, 2008). Since

the uncertainty in the ð 27Al= 24MgÞEPMA
True is a systematic

source of error that applies to all analyses and doesn’t con-
tribute to the scatter from an isochron, regressions were
made ignoring the 6% or 10% uncertainty in the 27Al/24Mg
ratios. Uncertainties in initial 26Al/27Al ratios and initial
d26Mg*0 are 95%-confidence intervals. Data used for

Fig. 2. Backscattered electron images of type II chondrules analyzed for their 26Al-26Mg systematics. (a) Large olivine phenocrysts in G9
(IIA) shows oscillatory zoning. (b) G10 (IIA) contains few mesostasis and possesses small, forsteritic olivine relict grains. (c) Slightly zoned
olivine phenocrysts and large plagioclase in mesostasis of G61 (IIA). (d) G63 mainly comprises glassy mesostasis and only limited amount of
plagioclase. (e) G85 (IIB) shows high-Ca pyroxene overgrowths on low-Ca pyroxene. (f) Large olivine phenocrysts and plagioclase in G86. (g)
Small chondrule (G108) with abundant plagioclase. The images show sample surface before oxygen and magnesium isotope analysis of this
study. Pre-existing SIMS pits are results of previous studies (Ushikubo et al., 2012, 2013). Scale bar in images is 100 mm; for (e): 200 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. 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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まとめ
q コンドルールの時空間分布は、原始太陽系円盤におけるダスト/ガス比や酸化還
元状態の時空間変動、および微惑星の材料物質形成から集積のタイムスケール
、円盤内固体物質輸送を明らかにする上で重要

q コンドルールの形成領域は隕石グループ毎に
固有であった可能性
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q コンドルールの形成時期は隕石グループ毎に異なっており、円盤の内側から
はじまり、次第に外側へと遷移した

q NC-likeコンドルールがCC隕石に存在
→ 円盤外側方向へのコンドルール輸送機構が存在？

Gap?

23/23


